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Abstract

This thesis explores the structure formation of two diferent soft material systems: naph-
thyl end-capped oligothiophenes in thin fIm confguration and ultra-high molecular weight
polyethylene (UHMWPE) fbers.

The molecular packing of organic semiconductors in thin flms determines their opto-
electronic properties. Although the fnal state of these fIms is often well known, the
fundamental dynamic processes governing the self-organization of the molecules are not
yet fully understood. In the frst part of the thesis, by using in situ grazing incidence X-ray
scattering, we study the crystallization of naphthyl end-capped oligothiophene thin flms
in realtime during vacuum deposition. We fnd that the thin flm packing deviates from
the one found in single crystals, and that surface-molecule interactions play a dominant
role in the formation of the frst few molecular layers of the flm. On silicon substrates,
these early layers grow in a layer-by-layer fashion with a strained unit cell. Upon reaching
a critical thickness, subsequent layers follow three-dimensional growth and the unit cell
is relaxed. On strongly interacting substrates, such as graphene, we observe a change
in the molecular orientation, which may be used to control and enhance the optical ab-
sorption. These results are complemented by scattering experiments with microfocused
X-ray beams, which reveal lateral variations in the flm’s microstructure, for example in
the proximity of the bottom-contact electrodes in organic feld-efect transistors.

Fibers made from ultra-high molecular weight polyethylene have remarkable tensile strength
and modulus, owing to their high degree of crystallinity and near perfect alignment of the
polyethylene chains along the fber direction. While these fbers are known to exhibit
skin-core structures, in which the structure near the surface deviates from the structure in
the core, few attempts have been made to quantify this phenomenon. In the second part
of the thesis, we present a framework based on micro- and nanofocused X-ray scattering
techniques supported by polarized Raman spectroscopy for mapping the spatially resolved
microstructure and morphology in polymer fbers with 1 um resolution. We demonstrate
its usefulness by showing mapping results from individual gel-spun UHMWPE fhbers,
whose diameter falls within limits of tens to hundreds of micrometers. All samples display
clear skin-core structure, with an increased degree of orientation of the PE crystallites and
increased interlamellar spacing in the skin region.

Our fndings have importance in both fundamental science and engineering applications.
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Resumé

Denne afhandling omhandler strukturdannelsen af to forskellige blgde materialer: naphthyl
endeafsluttede oligothiophener i tyndflm og ultrasterke polyethylenfbre.

Pakningen af molekylerne i organiske tyndflmshalvledere er afggrende for deres optoelek-
troniske egenskaber. Selvom sluttilstanden af disse tyndfim ofte er kendt, s& mangler der
stadig en sterre forstaelse for de grundleeggende dynamiske processer, der styrer selvor-
ganiseringen af molekylerne. | den ferste del af afhandlingen undersgger vi, ved brug af in
situ rgntgenspredning under graesningsincidens, tyndflmsdannelsen af naphthyl endeafs-
luttede oligothiophener i realtid under vakuumdeponering. Vi viser hvordan pakningen af
molekylerne i tyndflm afviger fra pakningen i enkeltkrystaller, og hvordan vekselvirknin-
gen mellem molekylerne og underlagsoverfalden er afggrende for dannelsen af de forste
molekylere lag. P4 silicium underlag dannes de farste molekylare lag et lag ad gangen
med en anstrengt enhedscelle. Efter at flmen har ndet en kritisk tykkelse, skifter lag-
dannelsen til tredimensionel lagdannelse med en mere afslappet enhedscelle. P& sterkt
vekselvirkende underlag, sasom grafen, observere vi en e&ndring i molekylernes orientering,
hvilket kan bruges til at forbedre den optiske absorption i tyndflmene. Disse resultater er
suppleret med rgntgenspredningseksperimenter med en mikrofokuseret strale, der viser at
mikrostrukturen varierer pa tveers af tyndflmene, for eksempel i nerheden af elektroderne
i organiske feltefekttransistorer.

Den hgje traekstyrke af fbre fremstillet af polyethylen med ultrahgj molekylveegt skyldes,
at de udstrakte polymerkeader danner hgjkrystallinske strukturer med neaer perfekt ori-
entering af keederne langs fberaksen. Tidligere studier har vist at fbrene indeholder
skind-kerne strukturer, hvor materialestrukturen i den yderste del af fberen afviger fra
strukturen i kernen. Pa trods af at dette er et velkendt faenomen, eksistere der meget fa
studier, hvor skind-kerne strukturen er forsggt kvantifceret. |1 den anden del af afhandling
foreslar vi en metoderamme, baseret pa rgntgenspredningstekniker med en smalt fokuseret
strale og polariseret Raman spektroskopi, til at kortleegge mikrostrukturen og morfologien
i polymerfbre med en rummelig oplgsning pa én mikrometer. Vi demonstrere metoderam-
mens brugbarhed ved at vise resultater fra gel-spundne polyethylenfbre, der har diametre
pa fa hundrede mikrometer. De undersggte fbre viser alle klare skind-kerne strukturer,
med en forgget krystalorientering og starre interlamelleere afstande i skind regionen.

Vores resultater er vigtige bade for grundforskning og for tekniske anvendelsesmuligheder.
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Introduction

The macroscopic properties of any material is ultimately defned by the materials internal
structure on the microscopic level. Diferent materials posses diferent properties, and one
of the frst steps in improving material performance is to understand the fundamental
structure-property relationships in play. The properties of interest vary based on the
material application. For example, some applications require materials with a certain
response to an externally applied force, while other applications require materials with
the ability to absorb light or conduct current. A fundamental understanding of material
structure is thus paramount in the design and development of new engineering materials
of all kinds.

Soft organic materials are particular interesting, since their solid-state structure is often
distinctly complex. Organic molecules are largely made up of carbon atoms that are cova-
lently bonded to each other and other elements, such as hydrogen. Unlike inorganic solids
(e.g. metals), which are almost always crystalline in their solid-state, organic materials
can be either amorphous or crystalline (or both, i.e. semicrystalline), and their solid-state
structure depends largely on the preceding processing. Moreover, due to the anisotropic
nature of most organic molecules, their material properties are likewise often anisotropic
on a macroscopic scale.

In this thesis, we study the fundamental structure of two markedly diferent organic mate-
rials. The majority of the thesis concerns the microstructure and crystallization processes
of organic semiconductor thin-flms based on naphthyl end-capped oligothiophenes. These
materials belong to the family of molecular organic semiconductors, and are characterized
by being rigid rod-like molecules with a high degree of structural anisotropy, and con-
sequently, anisotropic material properties. The single-crystal bulk structures of these
materials are already well known, and in this work, we extend our knowledge by studying
their microstructure and morphology in the device relevant thin-flm confguration. Of
particular interest is the frst few molecular layers of the thin-flm structure, as the struc-
ture of these layers is governed by substrate-molecule interactions and play a crucial role
for the optoelectronic properties of the fnal fims [1].

The rest of the thesis concerns the local structure of a specifc class of high-strength
synthetic polymer fbers based on ultra-high molecular weight polyethylene (UHMWPE).
Fibers made from UHMWPE have remarkable mechanical properties, including high ten-



Xiv

sile strength and modulus at low weight, originating from near perfect alignment of the
molecular chains along the fber direction. The structural development and structure-
property relationships of these fbers have been studied extensively since the discovery of
their unique gel spinning process in the late 1970s. Despite this, a number of challenges
still impose themselves, including the need for a quantitative understanding of the local
variations in structure inside the fber. While it is known that UHMWPE fbers exhibit
some degree of structural inhomogeneity along their radial axis [2, 3], the topic is far less
explored and only few comprehensive studies exists. To this end, we present a framework
for studying the local microstructure and morphology in synthetic polymer fbers with
high spatial resolution ( 1 m) and apply it to the case of gel spun UHMWPE fhers.

The structural studies of both of these materials presented in this thesis rely heavily on
the use of X-ray scattering. The small wavelengths of X-rays enable direct probing of
structures on the molecular length scale, making them ideal for structural studies of solid-
state matter. Since the discovery of X-rays in the late 19th century by Wilhelm Réntgen,
and the subsequent discoveries by Max von Laue and William and Lawrence Bragg on X-
ray difraction, X-ray techniques have served as the principal methods for determining the
structural arrangement of atoms and molecules in crystals. Today, X-ray scattering and
difraction are used to determine everything from the inner structure of protein complexes
to chemical reactions on a femtosecond timescale. Much of this work is facilitated by the
increased availability of synchrotron radiation sources, where a high photon fux can be
combined with high beam collimation and tunable X-ray energies.

Due to the diverse material nature of this work, the scope of this thesis goes beyond
any single scientifc feld. Rather, it is interdisciplinary work that combines aspects from
several felds, including material science, condensed matter physics, surface science, and
polymer physics. We approach the fundamental questions of material structure from an
applied engineering perspective, as the materials chosen for the most part are relevant for
engineering applications.

For this same reason, it is counterproductive to boil the aim of this thesis down to a single
guestion or hypothesis. Instead, the scientifc challenges and questions are presented and
put into broader context along the way. However, on an overall level, the results presented
in this thesis contribute the fundamental understanding of the material structure in the
two classes of materials, and to the understanding of the underlying physics governing
their structure formation.

This thesis consists of two parts: (1) a scientifc background of the two classes of the mate-
rials studied and (I1) our results presented in the form of fve self-contained publications.
The frst part is made up of Chapters 1-5. Chapter 1 describes the basics of X-ray scatter-
ing, Chapters 2-3 introduces the materials and experimental techniques relevant for the
thin-Flm studies, and Chapter 4-5 explores the material and methodological background
of the fber studies. At the end of part I, the main results and conclusions of the fve
papers are presented together with an outlook for future research. The second part of the
thesis is made up of Papers I-V. In Papers I-1V, our results on thin-flms are presented,
while Paper V presents our results on UHMWPE fbers.
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Chapter 1

X-rays and their Interaction with Matter

This chapter introduces the basic properties of X-rays and their interaction with matter.
The specifc scattering experiments used in this work and their instrumental setups are
presented later in Chapters 3 and 5.

1.1 X-ray scattering

X-rays are useful tools for studying the complex structure of organic materials, since their
wavelength is on the same order of magnitude as the relevant structural features. In the
classical description, X-rays are electromagnetic waves with wavelengths in the region of
angstrom (10 1° m). It is common to distinguish between hard X-rays (with wavelengths
of 0:1Ato2A)and soft X-rays ( 2 A to 100 A). A monochromatic X-ray beam can be
described as a linearly polarized plane wave propagating along a direction in space. The
electric feld of the propagating wave can be written as E(r;t) = "Eoe'® D where ™ is
the unit vector of the electric feld polarization, k is the wavevector and ! is the angular
frequency. The electric feld is perpendicular to the propagation direction in (transverse)
electromagnetic waves, that is ™ k =0.

In the qguantum mechanical description, the monochromatic X-ray beam is quantized into
individual photons with energy h! and momentum hk. When the X-ray photons interact
with matter, they are either scattered or absorbed. Let us consider the simplest process
of an X-ray being scattered by a single electron. The scattering can be either elastic,
where the photon energy is conserved, or inelastic, where a portion of the photon energy is
transfered to the electron resulting in a scattered photon with lower frequency. Since elastic
scattering is the main process being exploited in structure determination, the following
considerations are limited to this type. Elastic scattering can be described suliciently by
only considering the classical picture, and the following arguments and notations follow
those given in Ref. [4].
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Figure 1.1: Scattering triangle relating the incoming and outgoing wave vectors k; and
ks with the scattering vector g.

1.1.1 Scattering vector
Elastic scattering is described by the scattering vector or momentum transfer vector q as
a==ki ki (1.1)

where k¢ and k; are the fnal and initial wavevectors of the scattered photon, respectively.
The scattering event is illustrated in Fig. 1.1. Since the scattering is elastic, the lengths
of the two wavevectors are equal (i.e. jkg = jkij), and from the scattering triangle we have

jaj = 2jkjsin = 2—sin ; (1.2)

where 2 denotes the scattering angle and is the wavelength of the X-rays. The scattering
vector q is located in the conceptual three-dimensional reciprocal space, and is accordingly
expressed in units of A 1.

1.1.2 Scattering from one electron

The fundamental quantity determined in an X-ray scattering experiment is the diferential
scattering cross-section 3— , Which is essentially a measure of the number of scattered
photons measured by the detector per second per solid angle normalized to the fux
of the incident X-ray beam. In the case of an electromagnetic plane wave, the photon

fux of the incident beam is proportional to jEian, and the number of scattered photons

measured by the detector at distance R subtending the solid angle is proportional to
jEradjzR2 . The diferential scattering cross-section is then given by
d Eradj?R?
A (1.3)
d JEin]

The elastic scattering from a single electron can be thought of as a propagating spherical

wave with its origin at the electron. When the electron is placed in the electric feld of

the incident X-ray beam, it starts to oscillate, which then creates the radiating spherical

wave. The ratio of the radiated electric feld to that of the incident electric feld is
Erad(R; 1) _ elkR

R
E o5 1" ™I, (1.4)
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where ro = e2/(4 "omc?) is the Thomson scattering length (or sometimes the classical
radius) of the electron. From Eq. (1.3), the diferential scattering cross-section of an
electromagnetic wave by a free electron is then given by

d .
g =N N =rgeC ) (L5)

Here, p( ) = j"» “sz is defned as the polarization factor, which depends on the X-ray
source.

1.1.3 Scattering from one atom

Now let us consider the case where the X-ray scatters from several electrons in the form
of an atom. The distribution of the electrons can classically be described by a charge
cloud surrounding the nucleus with number density (r). The radiated waves from the
electrons will interact and cause constructive or destructive interference depending on
their relative diference in phase. The total radiated feld can thus be described as a
superposition of scattering contributions from diferent volume elements dr, with each
contribution amounting to ro (r)dr plus a phase factor of e'd". By integrating over
contributions from all volume elements, the total scattering length of the atom is then
given by 7

Fo(@ = rof’(@= ro (ne"'dr; (1.6)

where f0(q) is called the atomic form factor. Equation (1.6) is just the Fourier transform
of the electron density distribution in the sample. In the limit g ¥ 0, all scattering
contributions from the individual volume elements are necessarily in phase so that f0(q =
0) = Z, that is the number of electrons in the atom. Similarly, as q increases, the volume
elements will start to scatter out-of-phase and f%(q ¥ 1) =0.

In principle, the atomic form factor is dependent on the energy of the external X-ray feld
as [4]
f(g;hY) = £O(q) + F'(AY) + if°(AY); 1.7)

where ' and ¥ are known as the dispersion corrections to . The former is related to
the binding energies of the electrons, while the latter denotes the phase lag of the electron
with respect to the driving feld, and is related to the absorption in the atom.

1.1.4 Scattering from a molecule

The scattering length of a molecule can be derived using a similar approach. If the molecule
consists of N atoms, and each atom is treated as an isolated electron distribution sphere,
then the total scattering length of the molecule is a simple superposition

mol — X . iqrj.
F™(@= ro f(@e™"; (1.8)
|

where fj(q) is the atomic form factor of the j’'th atom in the molecule.

1.1.5 Scattering from a crystal

Finally, let us consider the case where the scattering molecules are arranged in a periodic
way on a lattice (i.e. a crystal). For a crystal lattice with a set of lattice planes set a
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\‘/crsinq

Figure 1.2: Derivation of Bragg’s law in a crystal with a set of lattice planes set a
distance d apart.

distance d apart (see Fig. 1.2), the condition for constructive interferences of the scattered
waves is given by Bragg’s law
m =2dsin ; (1.9

where m is an integer and is the angle of the incident wave to the lattice planes. Bragg’s
law is convincing in that it gives the correct result, and is a consequence of the periodicity
of the lattice. However, it does not take into account the compositions of atoms inside
the lattice structure. In general, the scattering amplitude from a crystalline material
comprised of atoms is

All sgoms )
Fevstal(g) = fi(ae'"; (1.10)
|

where fi(q) is the atomic form factor from Eqg. (1.6) for the I'th atom located at r; and
the factor of rg has been dropped. The lattice of a crystalline material can be specifed
by a set of lattice vectors

Rn = nja; + nyay + N3az; (1.11)

where nq; Ny; N3 are arbitrary integers and (a1; ay; az) defnes the basis vectors of the unit
cell, which is a structural basis group of atoms that forms the crystal structure by regular
repetition in space. In other words, the crystal structure can be described as a convolution
of the lattice, constituting a mathematical set of repeating points in space, and the unit cell
[5]. Thus, the position of any atom in the crystal structure can be written as rj = Rp +rj,
where Ry, is the lattice vector and rj is the position of the atom within the unit cell. The
expression for scattering amplitude in Eq. (1.10) can thus be decomposed as

<X X i
Ferystal(q) = eldRn  f;(q)e'd"i: (1.12)
n i

Here, the frst term sums over the lattice while the second term is a sum over the atoms
inside the unit cell, also known as the structure factor. The decomposition corresponds to
taking the Fourier transform of the crystal structure, which must be the product of the
Fourier transforms of the lattice and the unit cell basis, since the crystal structure is a
convolution of the two.

The sum of the phases in the lattice term of Eg. (1.12) is on the order of unity, except
when all the phases are a multiple of 2 , that is

g Rh=2 (integer): (1.13)
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In wavevector space, we defne a lattice spanned by the basis (a;;a,;a;), which fulflls

ai g =2 jj. Points on this reciprocal lattice are given by

G = ha; + ka, + las; (1.14)

where h; k;l are arbitrary integers. A vector of this form is called a reciprocal lattice
vector, and it satifes the condidition of Eq. (1.13) since

G Rh=2 (hny+knz+1In3) =2 (integer); (1.15)

because the term in the parenthesis is an integer, being the sum of products of integers.
The so-called Laue condition for observed difraction is thus fulflled when the scattering
vector coincides with the reciprocal lattice vector, that is g = G. It can be shown that the
Laue condition is equivalent to the difraction condition given by Bragg’s law (Eg. (1.9))

[4].

1.2 Synchrotron radiation

Many of the X-ray scattering experiments presented in this thesis are only possible with
the use of synchrotron radiation available at large scale facilities. Synchrotron radiation
is a generic terms used to describe radiation originating from charged particles traveling
at relativistic speeds that are subject to an applied transverse magnetic feld, which forces
them to move radially [4]. At synchrotron facilities, bunches of electrons are accelerated to
relativistic speeds in evacuated storage-rings, reaching kinetics energies in the GeV range.
The electrons are steered by large bending magnets mounted along the peripheries of the
rings. The radial acceleration of the electrons in turn emits photons tangentially to the
plane of the electron beam. Radiation from a bending magnet covers a wide spectrum of
wavelengths and the brilliance is inherently limited as a consequence. The brilliance is a
fgure-of-merit describing several aspects of the X-ray beam and is defned as

Photons/second

Brilliance = /
rifflance (mrad)2(mm? source area)(0:1% BW)

(1.16)

where the photon fux is normalized to the beam divergence in mrad, the area of the source
in mm?2, and 0.1% of the relative energy bandwidth (BW).

Newer synchrotron facilities make use of insertion devices, such as undulators, situated
in straight sections of the storage ring in addition to bending magnets. In undulators,
the electrons are subjected to an alternating applied magnetic feld, forcing them to move
along a oscillating path. This generates a much more brilliant and coherent beam, where
the wavelength of the X-rays can be tuned by changing the gap between the alternating
magnets.

Synchrotron facilities are equipped with several beamlines, each with their own unique
optic- and experimental end-station setups. This mean that each individual beamline is
specifcally designed for certain types of experiments. The experimental work in Papers
I-V was performed at several diferent synchrotron beamlines, including the Micro- and
Nanofocus X-ray Scattering beamline (P03) at the PETRA 111 Synchrotron (Hamburg,
Germany) [6, 7], and the MaxIlV NanoMax beamline (Lund, Sweden) [8]. Unique to both
of these two beamlines is the ability to narrowly focus the beam in the sample plane,
allowing for detailed measurements with high spatial resolution. The focusing of X-ray
beams is briefy discussed below.
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Figure 1.3: Focusing optics for X-ray beams. a) Kirkpatrick-Baez (KB) mirror system,
b) compound refractive lenses (CRLs), and c¢) Fresnel zone-plates (FZP). Reprinted from
Ref. [9] under the Creative Commons License.

1.3 X-ray focusing

The experiments carried out in Papers I, IV and V all rely on narrowly focused X-ray
beams in order to enable mapping of the microstructure in our samples with high spatial
resolution. This requires the use of specifc beamlines equipped with advanced focusing
optic systems. In the following, a brief overview will be given of the focusing optics of the
two micro- and nanofocus beamlines employed.

The Micro- and Nanofocus X-ray Scattering beamline (P03) of PETRA 111 [6, 7] is supplied
with photons from an undulator source located in the PETRA 11l storage ring. The
undulator source is a critical prerequisite for achieving a microfocused beam with high
fux and low divergence. After passing through a silicon (111) monochromator, where
the beam is monochromatized by Bragg refections in a set of near perfect Si crystals,
higher harmonics are suppressed by a coated planar double mirror. Two sets of compound
refractive lenses (CRLs) are used for collimation and initial focusing of the beam, with each
set of CRLs containing multiple lenses that can be moved in and out of the X-ray beam
independently, allowing for optimization of the beam size and divergence. CRLs consists
of tens or hundreds of individual concave lenses arranged in series along the optical axis
[10], see Fig. 1.3b. In its most simple form, the lenses are made by boring a series of
holes in a low-Z material, such as aluminum. The X-rays are refracted at the aluminum-
vacuum interface with focal length F = R where R is the radius of curvature and is
the real component of the refractive index, which is small ( 10 > 10 7) for X-rays
in matter. By using a large number (N) of lenses in series, the focusing distance becomes
N times shorter compared to using a single lens. Focusing along two dimensions can even
be achieved by arranging an array of holes in crossed geometry [10].

After prefocusing by the CRLs, the beam is focused to its fnal spot size by superpolished,
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nanofocusing Kirkpatrick-Baez (KB) mirrors [7, 11]. KB mirrors are elliptical and rely
on grazing incidence refection of the X-ray beam of the curved surface. Two mirrors
are aligned perpendicular to each other in series (Fig. 1.3a), resulting in a beam that is
focused in both dimensions. The KB mirror system at P03 can achieve a spot size of
1:4 m 1:4 m while maintaining a total photon fux of 3 101°s 1.

The NanoMAX beamline of Max IV [8] also uses an undulator source to supply the pho-
tons. Two mirrors are used for the initial focusing of the beam, with the frst mirror
focusing the beam in the vertical direction by sagittal focusing, and the second mirror
focusing the beam in the horizontal direction by meridional focusing. The beam is then
monochromatized by a double Si(111) crystal monochromator, employed in a horizontal
difraction geometry for improved beam stability. Afterwards, the beam encounters a
secondary source aperture with two pairs of slits, which acts as a fexible source for the
subsequent nanofocusing optics. In its current form, the fnal focusing optics at NanoMAX
uses KB mirrors to achieve a spot size of 100 to 1000 nm. A secondary experimental sta-
tion is currently in development that relies on Fresnel zone plates (FZPs) to achieve an
even smaller beam diameter of 10 nm. FZPs (Fig. 1.3c) are chromatic difractive lenses
and rely on difraction rather than refection. The detailed working principles of FZPs are
described in detail in Ref. [12].
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Chapter 2

Small-Molecule Semiconductor Thin Films

This chapter provides the introduction and material background for Papers I-1V.

2.1 Organic semiconductors

Organic semiconductors (OSCs) are carbon-based optoelectronic materials with electri-
cal conductivities between that of insulators < 10  (s/cm) and that of metals >
10% (s/cm). Unlike conventional semiconductors, organic molecules are predominantly
bonded by soft van der Waals forces, that gives rise to unique sold-state properties [13—
16]. The softness provided by the weaker van der Waals bonds can lead to rich mechanical
properties that are not unlike those of some plastics, including a high degree of fexibility
of the fims [17-19]. At the same time, many OSCs facilitate low cost, large area deposition
onto a large variety of substrates at ambient or near ambient conditions [20-22]. They
can be chemically tailored for specifc applications, including facile tuning of the optical
and electronic properties.

The promises of OSCs has lead to a large growth of the feld in recent years. In general,
the feld can simplifed into the following subfelds: the design and synthesis of new OSC
molecules, the design and fabrication of new organic electronic devices, and fundamental
studies of the structure-property relationships in OSCs, including the crystallization of
the solid-state structure during deposition. The content of Papers I-1V relates mostly the
the later topic. OSCs have also established themselves as commercialized technologies
across a vast range of application, with the most notable ones being organic light-emitting
diode (OLED) display technology, which became a US$25 bilion industry in 2018 [23], and
organic photovoltaics (OPVs), which has emerged as a promissing alternative to conven-
tional Si-based solar cells. Other applications of OSCs, owing to their unique ability to
combine mixed electronic and ionic conductions, include organic electrochemical transis-
tors (OECTs) [24], suitable for biological interfacing, and chemical and biological sensors
[25]. Of course, one would be amiss not to mention the organic feld-efect transistor
(OFET), which constitutes the foundation for many of the established and emerging OSC
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technologies. While the charge transport properties of OSCs have improved dramatically
since the infant stages of OFETSs in the 1980s, they have yet to reach levels close to that
of conventional crystalline silicon. A main performance metric for OFETSs is the charge
carrier mobility (cm 'V 1s 1). The best performing OSCs reliably reach mobility
valuesof >1 10cm 'V s 1[23], which is still a ways of the typical mobility values
for crystalline Si (on the order of 1000 cm Vv 1 s 1 for electrons and 100cm *Vv 1s 1
for holes).

Organic semiconductors are typically employed in the form of thin flms (on the order of a
few nm to hundreds of micron), and their active electronic and optical properties originate
from the -conjugated bonding structure, where the electrons are delocalized over larger
areas (detailed discussing below). For this reason, the majority of OSCs are composed of
a core of aromatic unit that are linked together (see Fig 2.1). The aromatic units allows
for -bonding along the length of the molecule, and charge transport between neighboring
molecules generally occurs via a thermally activated hopping mechanism (Section 2.3). In
general, OSCs can be divided into two groups: conjugated polymers and small molecules.
Polymers are larger molecules with several repeating units and inherent conformational
fexibility, and as a consequence, their thin-flm structure is typically less crystalline (or
even amorphous) with a high degree of disorder. On the other hand, small molecules are
typically rigid and rod-like, and their crystalline structure in flms is often well ordered.
In Papers I-1V, the focus lies on the structural properties of small organic compounds and
the following discussion is therefore limited to this class of materials.

2.1.1 Selected small molecules

Figure 2.1 lists some of the commonly studied small-molecule organic semiconductors
together with the naphthyl end-capped oligothiophenes employed in Papers I-1V. The
selected molecules are not meant to be an exhaustive list of all relevant compounds; such
a list would be well beyond the scope of this introductory chapter. Rather, it is a selection
representing some of the most typical cases, many of which are referenced in Papers I-1V.
A more exhaustive list of good performing small molecules can be found in Ref. [13].

One of the most studied rod-like OSCs is pentacene, which is composed of fve benzene
rings arranged in a linear structure. It belongs to the family of fused ring acenes. Pen-
tacene is used extensively as a model system for understanding the fundamental growth
of OSC fIms [26-28], and is known to grow via diferent surface induced polymorphs
depending on the growth conditions and underlying substrate [29]. Studies of the sub-
monolayer and monolayer regime has revealed a particular molecular arrangement, with
the pentacene molecules standing completely upright (i.e. no tilt) on the substrate sur-
face [30]. The thin-flm phase (which is diferent from the submonolayer phase discussed
above) and the bulk phases of pentacene all have the same molecular arrangmenet, with
the molecules packed in a herringbone structure. In addition, pentacene flms exhibit
relatively high fled efect mobilities ( > 1 cm 'V 's 1) in ambient conditions [31].
Anthony et al. frst synthesized a solution-processable variant of pentacene [32], namely
6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene), where the TIPS group is
substituted onto the central 6- and 13-position of the pentacene core. TIPS-Pentacene
exhibits high mobilities exceeding 1 cm 'V s ! [33], originating from the slipped -
stacking, in which the stacking direction lies in the plane parallel to the substrate plane
[34].

Historically, rubrene is one of the most studied OSC molecules besides pentacene due
to its high carrier mobility. Diferent polymorphs of rubrene are found in the literature
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Figure 2.1: Selection of small molecule organic semiconductors discussed in this
introduction.  Chemical structure from top right: Pentacene, -sexithiophene ( -
6T), rubrene, C60, diindenoperylene (DIP), triisopropyl (TIPS) pentacene, 2,8-difuoro-
5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-ADT, 5,5’-bis(naphth-2-yl)-2,2’-
bithiophene (NaT2), and 5,5”-bis(naphth-2-yl)-2,2’:5’,2”-terthiophene (NaT3).
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[29], with the orthorhombic phase with space group Cmca exhibiting the highest carrier
mobilities of up to 40 cm Vv 1s 1[35].

Fullerene C60 constitutes a special case as one of the simplest model systems available
for small molecules due to its simple isotropic shape. Fullerene is most commonly used as
the acceptor material in organic bulk heterojunction solar cells [36], where a -conjugated
polymer is used as the donor material completing the fullerene:polymer blend flms. The
multilayer growth of fullerene was extensively studied by Bommel et al. [37], elucidating
the fundamental processes for van der Waals bonded molecules in the intermediate case
between atoms and colloids.

Much like pentacene, diindenoperylene (DIP) is an often used model system for study-
ing thin fim growth [38-41]. It belongs to the family of perylene derivatives and is a
prototypical example of a rigid molecule with planar conformation. DIP shows an enan-
tiotropic polymorphic phase transformation at 403 K from a low T triclinic -phase with
doubled unit cell volume to a high T monoclinic -phase [42]. The transformation can
be understood as a structural reorientation of the molecules and rearrangements due to
strong shearing of the layers against each other. Real-time studies have shown a dynamic
transition from layer-by-layer growth to rapid roughening after 10 ML [40], with the
thin-flm induced phase being identical to the high T -phase [29].

Other prototypical conjugated materials are based on thiophenes. The most simple vari-
ants hereof are the unsubstituted oligothiophenes, including the oligomers with four to
eight thiophene rings. Figure 2.1 shows one such unsubstituted oligothiophene with six
thiophene rings in the form of -sexithiophene ( -6T). -6T is a prototypical compound
used in growth studies [43, 44], and in OPVs [45, 46] due to its combination of high
carrier mobilities and favorable optical gap. Much like pentacene, -6T forms several
diferent polymorphs in flms. Common features for these polymorphs are herringbone
packing motifs and planar conformations. By functionalizing either the - or -positions
of the thiophene rings, the solubility or solid-state ordering can be increased dramatically
[47]. Halik et al. evaluated a series of alkyl-substituted oligothiophenes [48], and found
that the length of the alkyl chains had a signifcant infuence on the carrier mobility in
top contact devices, with improved feld-efect-mobility values over their non-substituted
counterparts. In another study, Merlo et al. [49] showed that hybrid acene-thiophene
(i.e. olgiothiophenes with acene end-group substitutions) formed highly crystalline flms
with a high degree of thermal stability and overall better stability in ambient conditions
compared to pentacene, while still retaining a relatively high carrier mobility. More re-
cently, acceptor—donor—-acceptor type oligothiophenes have attracted some interest for use
as donor materials in small molecule organic solar cells [50, 51]. The molecules employed
in Papers I-1V all belong to the family of substituted oligothiophenes and are discussed
below.

For completeness, 2,8-difuoro-5,11-bis(triethylsilylethynyl)anthradithiophene (diF-TES-
ADT), which is the fuorinated derivative of TES-ADT, is show as well in Fig. 2.1. This
molecule is discussed in Paper IV, and represents a solution-processable molecule widely
discussed in the literature [29]. The synthesis of diF-TES-ADT was frst reported by
Anthony et al. in Ref. [52]. Their high performance ( ~ 6 cm 'V 1s 1) is attributed
to the brick-wall packing motif, which allows for a large orbital overlap between four
nearest neighbor molecules.
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Figure 2.2: Single crystal packing of NaT2 after Ref. [53]. a) View along the b-axis and
b) view along the molecular backbone showing the herringbone motif.

2.1.2 Naphthyl end-capped oligothiophenes

Papers I-1V all concern the structure and self-organization of naphthyl end-capped olig-
othiophenes, namely 5,5’-bis(haphth-2-yl)-2,2’-bithiophene (NaT2) and 5,5”-bis(naphth-
2-yD-2,2:5’,2”-terthiophene (NaT3, see Fig. 2.1). Both molecules belong to the family
of substituted oligothiophenes, where the bithiophene (NaT2) and terthiophene (NaT3)
core units are terminated by naphthyl end groups. They were frst synthesized by Tian
et al. in 2007 by means of Suzuki or Stille cross-couplings [53]. From a structural point
of view, the NaTn molecules (where n represents the number of thiophene rings) repre-
sent two cases of stif, rod-like small molecules. Their bulk single-crystal structures were
reported in Ref. [53], with NaT2 having a monoclinic unit cell with P2;/c symmetry and
parameters a = 20:552 A, b =5:964 A, ¢ = 8:120 A and = 96:845 (see Fig. 2.2). Here,
the authors use the (non-conventional) notation of a as the molecular long-axis. For this
reason, we employ the same notation throughout Papers I-1V. Each unit cell contains two
molecules, that locally pack into a repeating herringbone motif. On the other hand, the
NaT3 single-crystal packing is more complex, with the molecules adopting an unusual
three-layer repeat, in which the molecules in the middle layer adopt a slightly more co-
planar conformation and a slightly diferent tilt angle. Due to the unusual packing, the
monoclinic unit cell of NaT3 (a = 73:996 A, b =5:917 A, c = 8:866 A and = 92:564 )
contains a total of 6 molecules, that likewise pack into a herringbone motif. We have pre-
viously determined the thin-flm packing of NaT2 to be similar to the bulk single-crystal
packing [54]. The thin-fIm packing of NaT3 is reported for the frst time in Paper I.

Furthermore, the NaTn molecules represent interesting cases for fundamental studies of
structure and self-organization in small molecule OSC flms. Importantly, they both tend
to form highly crystalline flms, enabling X-ray difraction studies of very thin layers
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with thicknesses comparable to the length of the molecules. Moreover, they represent
two symmetrically diferent yet chemically similar cases. The NaT2 molecule exhibits
inversions symmetry with respect to its geometric center, while NaT3 has mirror symmetry
about a plane bisecting the central thiophene ring. These symmetry considerations are
further discussed in Paper IlII.

We have also carried out molecular dynamic simulations of the NaTn fIms in parallel
with the experimental work presented in Papers I-1V. Our fndings, which are presented
in Ref. [55], point towards an appreciable amount of disorder in both systems, with a
large number of Fipped molecules (i.e. Fipped 180 about its long axis) incorporated into
the thin-flm structure.

From an application point of view, the NaTn molecules have promising potentials in low-
voltage organic phototransistors [56, 57], and they display a high structural stability in
atmospheric conditions under load [54]. In addition, they can self-assemble into one-
dimensional so-called nanofbers on musoscovite mica surfaces in vacuum [58].

2.2 Structure and packing

The structure and molecular arrangement of OSC thin flms are highly complex entities,
that involve structural phenomena on length scales from nanoscale to device scale (see
Fig. 2.3). It is important to understand the flm’s structure on all the length scales in
order to fully describe the structure-property relationships. In this section, we will briefy
discuss some of the structural phenomena at play in small molecule OSC flms. It is by
no means exhaustive and for further information, the reader is directed to the excellent
body of literature on the subject, including Refs. [16, 59, 60].

On the molecular level, OSCs are based on the delocalization of electrons in the bond
via conjugation. In -conjugated materials, the molecular backbone consists primarily of
carbon and hydrogen atoms. Carbon atoms are composed of an atomic nuclei and six
electrons, which are distributed into the 1s%2s22p? orbital structure in the ground state.
In -conjugated materials, one electron from the 2s orbitals and two electrons from the
2p orbitals are hybridized into three identical sp? orbitals, all of which are arranged in
the same plane forming bonds with neighboring carbon atoms. This leaves one electron
forming a p, orbital perpendicular to the plane of the bonds, which is then available for

-bonding. By conjugation of neighboring  bonds, the electrons become delocalized over
a larger area, facilitating the carrier transport in the OSC. For example, benzene, which is
an aromatic ring composed of six carbon atoms, is held together by bonds in the plane,
leaving six electrons in the delocalized state. The majority of OSCs are composed of
aromatic rings linked together, providing delocalization of the electrons over the entire
backbone of the molecule. The delocalization or conjugation length of the orbitals
is a common parameter used to control the bandgap in OSCs [59], as well as the energy
levels of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO), which determines properties such as absorption onset and charge carrier
injection [61].

Neighboring molecules are then held together predominantly by van der Waals forces,
and it is their solid-state packing (i.e. their crystal structure) that dictates the local
optoelectronic properties of the OSC flm [23, 62]. Depending on the packing motif, the
overlap of adjacent orbitals in neighboring molecules can vary signifcantly (see Fig. 2.5),
infuencing carrier transport (discussed in Section 2.3) and optical absorption, among
others. The molecular arrangement of OSCs is sensitive not only to the chemical nature
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Figure 2.3: Size scales and relevant morphological features in single-component small-
molecule semiconductor flms. Within each schematic, the square denotes the enlarged
region preceding it. Adapted with permission from Ref. [59]. Copyright 2012 American
Chemical Society.

of the materials, including size, aspect-ratio (anisotropy), and side-chains or end-groups
[34, 63], but also to the dynamic processes involved in flm growth (see Section 2.5).
The (ideal) crystal structure of OSCs is described by the crystalline unit cell and the
molecule arrangement inside this unit cell, with characteristic feature sizes on the angstrom
to nanometer scale (see Fig. 2.3). However, the crystalline structure of OSC flms is
never perfect, and crystalline defects exist on many diferent length scales. These defects
inevitably afect the optoelectronic properties of the materials, for exmaple by acting as
charge traps or scattering centers that limits the charge carrier mobility [64]. Defects on
the nanometer length scale include local one-dimensional defects, such as dislocations of
the same types as found in inorganic crystals (edge, screw etc.) [65], and impurities from
chemically diferent or degraded molecules incorporated into the lattice structure. Other
types of local defects include two-dimensional stacking faults.

In OSC thin flms (or, more precisely, in any crystalline material), the accumulation of
defects and distortions to the crystalline lattice over longer length scales lead to cumulative
disorder. Cumulative disorder, also termed paracrystalline disorder, therefore describes the
long-range statistical variations in the lattice parameters (compared with the ideal lattice),
and gives rise to characteristic broadening of the difraction peaks in X-ray difraction [66].
Cumulative disorder should be distinguished from noncumulative disorder, which includes
lattice fuctuations due to thermal motion.

On intermediate length scales, the structure of OSC flms is characterized by features as-
cribed to the crystallites (i.e. the small individual crystals forming the macroscopic flm)
such as size, interfacial boundaries, and orientation and texture. In any polycrystalline
flm, grain-boundaries will inevitably exist between adjacent crystalline grains due to the
crystallographic mismatch between them. In OSC fIms, one often distinguishes between
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low-angle grain boundaries and high-angle grain boundaries, relating to the misorien-
tation angle between the neighboring crystallites [64, 67]. Low-angle grain-boundaries
separate adjacent crystallites that are only slightly misoriented, and they are typically
not observed by direct imaging methods such as scanning probe techniques [64]. On the
other hand, high-angle grain boundaries are characterized by a high degree of misori-
entation between adjacent crystallites. Neighboring crystalline structures separated by
high-angle grain-boundaries are sometimes referred to as domains (see Fig. 2.3). In the
literature, the umbrella term of grains is often used to describe the two cases interchange-
ably without distinction. However, this distinction is rather important since the two types
of grain-boundaries afect charge transport diferently, the details of which are discussed
in Ref. [67]. The apparent domains visible in thin fIms on the microscale (see Fig. 2.3)
are sometimes misidentifed as single grains, when they in reality are composed of many
smaller crystalline grains (or simply crystallites) separated by low-angle grain-boundaries.
It should be mentioned that grain-boundaries in OSCs are fundamentally diferent from
grain-boundaries in inorganic crystals, since no covalent bonds are broken or strained at
the boundary in OSCs. The is because the OSC crystallites have more degrees of freedom
to relax and reorganize due to their soft, van-der-Waals-bonded nature. Grain-boundaries
can exist along any direction, but in polycrystalline thin flms with in-plane texture (i.e.
the crystallites have common out-of-plane orientation, but are randomly oriented in the
plane), the misorientation angles between neighboring crystallites are typically greatest in
the plane. However, as we shall see in Paper 1V, the crystallites also exhibit a varying de-
gree of misorientation along the out-of-plane direction. The orientation of the crystallites
(and the molecules making up the crystallites) is also of importance, and depending on
the application, certain molecular orientations are preferable. For exmaple, the photoab-
sorption can be maximized by aligning the molecular backbone, and thus the dominant
transition dipole, in the plane of the substrate, while optimal charge transport in OFETs
usually requires the orbitals to be in the plane parallel to the dielectric layer, that is, in
a confguration with the molecules are standing near upright on the substrate.

Finally, on device relevant length-scales, it is the connectivity and size of the domains
that ultimately determines the material performance. In OFETSs, the charge transport is
generally thought to be faster within the domains than across the domain-boundaries [67,
68], and possibilities for controlling the grain (domain) size has been studied extensively.
For example, the grain sizes can be controlled by surface-treatments [69], or by incorpora-
tion small amounts of nucleation seed material in the fIm [70]. Moreover, the crystalline
structure and morphology can vary locally on the device scale due to variations in the local
surface environment, for example near the contact electrodes in bottom-contact OFETSs
(see rightmost image in Fig. 2.3). Paper IV explores these electrode proximity efect on
the flm’s microstructure in detail.

2.3 Charge transport

The charge transport in organic semiconductors is a complex subject and it has been
debated for many years. The following discussion is by no means exhaustive and serves
to present the reader with an overview of some of the mechanisms involved. For a more
complete picture, the reader is referred to one of the many excellent review articles on the
topic [13, 23, 71, 72, & references therein].

In general, the transport mechanisms in solids are diferent depending on the chemical and
structural nature of the materials. and yield vastly diferent mobilities as a consequence. In
conventional inorganic semiconductors (such as Si), the charge carriers are so-called Bloch
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Figure 2.4: Schematic illustration of the models describing charge transport in organic
and inorganic semiconductors. The shaded orange area represents the charge delocaliza-
tion. Reprinted from [13] under the Creative Commons License.

electrons with their wavefunctions delocalized and extended over the crystalline lattice.
The propagating Bloch electrons may be scattered by lattice vibrations or defects in an
otherwise perfect lattice. If the mean free path of the carriers, that is, the path between
collisions, is much larger than the lattice spacing, this semiclassical band picture holds.
However, this is generally not the case for OSCs, where the weak van der Waals bonding
results in strong electron-phonon coupling [13]. The dynamic disorder, combined with the
relatively high degree of static disorder compared with inorganic crystals, means that the
mean free path of the electrons in OSCs typically are on the order of the lattice itself [13].
In organic solids with low mobilities, the charge transport can instead be described by
the hopping model [13, 23]. In this model, the charge carriers are localized to individual
molecules and the transport takes place through a series of hopping events, with charges
jumping between adjacent interacting molecules. If the residence time of the carrier charge
at the molecule is sulIciently long, the molecule (and the surrounding molecules) has time
to undergo a relaxations processes, creating an energy barrier for the carrier to overcome
in the hopping process.

For high performing OSCs in the intermediate regime, the charge carrier transport can
be described by a third model called the transient localization model [73]. In this regime,
the measured charge carrier mobilities are faster than what is expected from the hopping
model, but the carrier mean free path is still not sullciently large for the transport to be
described by the Boltzman band model. In the transient localization model, the larger
thermal vibrations of the molecules are thought to cause a quantum localization of the
wavefunctions on timescales shorter than oscillation period of the molecules. This physical
mechanism is denoted as transient localization, and strongly suppresses the charge difu-
sivity, limiting the carriers ability to fully delocalize. Another way to consider the carrier
transport in the transient localization regime is as follows [13]: on timescales short than
the molecular vibrations, the charge carriers are localized by the dynamic disorder of the
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Figure 2.5: Schematic illustration of the most common packing motifs of organic semi-
conductors. a) Slipped-stack and b) slipped -stack arrangements with one major transfer
integral (J;). c) Brick-wall arrangement with two major transfer integrals. d) Herringbone
arrangement with three major transfer integrals, allowing more isotropic transport in the
X-y plane.

molecules, while on timescale longer than the molecular vibrations, the they undergo dif-
fusive motion, explaining the observations of certain band-like qualities such as decreasing
mobilities with increasing temperatures [23].

The three regimes can also be describes in terms of the reorganization energy of the
molecules and the wavefunction overlab of neighboring molecular orbitals J. The sit-
uations is sketched on Fig. 2.4. The hopping model applies in the weak coupling regime
J ), where the wavefunction is localized to a single molecule. In the strong cou-
pling regime (J ), the Boltman band model applies and the wavefunctions are fully
delocalized and extended over large areas. The intermediate regime, where the wave-
function overlab J and the molecular reorganization energy are similar, the charge
transport can be described by the transient localization model. For the sake of complete-
ness, it is worth mentioning the approximate mobility values for the diferent regimes.
Fratini et al. [23] provide the lower limit for charge transport via the Boltzman band
model as & 50 cm 'V 's 1 and the breakdown of the transient localization regime
at . 05cm 'V 1s 1 below which charge transport takes place via hopping. In the
same reference, the authors also give calculated J values for a number of high mobility
OSCs.

Due to the highly anisotropic nature of most OSC molecules, the charge transport is like-
wise highly anisotropic, with carrier mobilities being signifcantly higher in specifc direc-
tions (in some cases, the diference is several orders of magnitude). Figure 2.5 summarizes
the four most common packing motifs observed in OSCs. The pathways for charge trans-
port are determined by the overlap of the molecular orbitals, also denoted as the charge
transfer integrals J. In slipped-stack and slipped -stack arrangements (Figs. 2.5a and
b), the transfer integral is strong in only one direction, resulting in unidirectional charge
transport properties. The brick-wall packing (Fig. 2.5¢) gives access to a second major
charge transfer integral, while the common herringbone packing has three large transfer
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integrals (Fig. 2.5d), resulting in the most isotropic charge transport in the plane (specif-
ically the x-y plane in Fig. 2.5). The charge carrier mobilities are typically found to be
highest in OSCs with herringbone confgurations [23], likely due to the isotropic nature
of the charge transfer integrals. It has also been shown that high-angle grain-boundaries
are less detrimental in herringbone-packed materials compared to slip-stacked materials
[67], which makes intuitively sense in light of the isotropic charge transfer integrals, and
due to the fact that a high-angle grain-boundary in herringbone-packed materials does
not necessarily equate to a high degree of misorientation between the molecules because
of the two-molecule basis. As previously mentioned, pentacene (along with most small
molecules OSCs) flms pack according to the herringbone motif, while TIPS-pentacene is
an example of molecules packed in the brick-wall motif [34].

The anisotropic nature of OSCs suggests that the charge transport properties can be
manipulated by controlling the solid-state packing in flms, in addition to lowering the
amount of (static) disorder.

2.4 Thin flm preparation

Organic semiconductors thin flms are grown by various processes depending on the chem-
ical nature of the material and the desired properties of the fIm. In general, smaller
molecules such as rod-like oligomers are grown by deposition in vacuum from vapor, while
larger molecules such as -conjugated polymers or functionalized oligomers are deposited
from solution [15, 47, 74, 75]. Solution processing involves dissolving the organic semicon-
ductor in an organic solvent and subsequently coating the substrate by either drop-casting,
spin-coating, dip-coating or printing [18, 76, 77]. The molecules then form crystalline (or
semicrystalline) flms upon solvent evaporation and supersaturation of the solution. The
flms studied in this work are exclusively prepared by evaporation from vacuum, and the
following discussion will therefore be limited to these types of fIms.

2.4.1 Vacuum deposition

The most common deposition technique for small molecule organic semiconductors is de-
position in vacuum from vapor (sometimes known as physical vapor deposition (PVD),
vacuum sublimation or deposition, or organic molecular beam deposition). Vacuum depo-
sition involves heating of the molecules until they vaporize and then subsequently condens-
ing them into a flm on a desired substrate. The molecules are vaporized either from liquid
form or directly from solid powder form (sublimation). They then travel some distance
in vacuum until impinging upon the substrate surface. The rate (or fux) at which the
molecules arrive at the substrate is controlled by the heating temperature of the material,
and is typically measured in terms of flm thickness per unit time. The vacuum chamber
is equipped with a series of pumps that maintain the pressure (typically on the order of

10 8 10 ° mbar), a crucible where the material is heated, a shutter to control the
deposition, a temperature-controlled substrate stage, and a quartz crystal microbalance
used to measure the deposited thickness. Custom made chambers, such as the one de-
scribed in Section 3.1.4, can include additional features to facilitate realtime in situ X-ray
scattering measurements during growth.

In reality, the pressure in any vacuum chamber is never zero, and residual molecules can
in theory interact with the growing flm. Kinetic theory of gases gives the rate of ambient
impinging molecules as [78]

P

F =p—: 2.1
amb pm (2.1)
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Figure 2.6: Molecular representation of thin fIm growth including relevant processing
parameters during vacuum deposition. © IOP Publishing. Reproduced with permission
from Ref. [39]. All rights reserved.

intra-layer diffusion:

where p is the partial pressure of a gas with molecular mass m and temperature kgT. If
we consider a monolayer composed of 10® molecules per square centimeter, then the time
in seconds for one monolayer of ambient molecules to absorb is [15]

t 10 ®p s %; (2.2)

where p is measured in milibars and s is the sticking coellcient. This translate to a
minimum formation time of 1 monolayer of approximately 1 s at 10 ® mbar [15], and
illustrates the need for high vacuum during the thin flm deposition.

2.5 Thin flm growth

2.5.1 General considerations

The microstructure of organic semiconductor thin flms depend on the fundamental growth
processes and may vary signifcantly from that of the bulk material. Of particular impor-
tance are the early stages of the growth, since these frst few layers are important from
optical and, if the device electrodes are located in the plane, charge-transport point of
view. Therefore, in order to fully understand the structure-property relationship in or-
ganic semiconductors, it is important to understand these early stage growth processes
and how they can be manipulated in order to control the microstructure in the fnal-state
fims. The following section is not not an exhaustive review of thin flm growth; rather it
serves to introduce some of the concepts discussed in Papers Il and I11. For a full treatment
of the underlying physics, the reader is referred to Refs. [79-83].

In general, the growth process of organic thin fims can be considered using diferent ap-
proaches, including static equilibrium considerations or analysis of correlation lengths and
surface roughness [39]. However, it is important to emphasize that the thin-flm growth in
organic molecules is a non-equilibrium phenomenon by nature, and thus it cannot be fully
described by pure equilibrium considerations [39, 84]. The dynamic processes involved in
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Figure 2.7: Schematic |Ilustrat|0n of the three growth modes descrlblng the out-of-plane
evolution of the thin flm. (a) Layer-by-layer (Frank-van-der-Merwe) growth, (b) layer-
plus-island (Stranski-Krastanov) growth, and (c) island (Volmer-Weber) growth.

flm growth by vacuum deposition are sketched in Fig. 2.6 and include: fux of molecules
towards the surface, the absorption and desorption of molecules at the surface, difusion
processes on the surface in one layer (intra-layer difusion) or between layers (interlayer),
and the crystallite nucleation. All of these processes are determined by parameters that
are either given by the deposition conditions, or parameters intrinsic to the material itself.
Many of the deposition parameters can be controlled, including the evaporation temper-
ature, which determines the fux (and initial kinetic energy) of the molecules arriving at
the surface, and the substrate temperature, which determines the kinetic energy of the
molecules during the difusion processes. Intrinsic material properties include surface en-
ergy of the substrate, the respective energetic barriers involved in the difusion processes,
and the nucleation barrier. The dynamic processes involved in the growth of organic
semiconductors often lead to non-equilibrium structures, that can be observed by either
in situ measurements during the growth process [40, 85], or by signifcant post-growth
structural reorganization (e.g. dewetting) [41, 86, 87]. Theoretical frameworks exist that
relate the growth mechanism to a set of scaling exponents, which describe the fIm rough-
ness in terms of thickness and lateral length scale [39, 84]. The three scaling components
are the typical surface slope a, the correlation length , beyond which the height of two
points of the fIm becomes uncorrelated, and the standard deviation of the fIm height
These parameters scale with flm thicknessasa T , TYZ and T . Here,

is the steepening exponent, z is the dynamic exponent and is the growth exponent (or
roughening parameter).

2.5.2 Equilibrium considerations

While the growth of organic molecules is an inherently complex non-equilibrium phe-
nomenon, a qualitative understanding of the growth modes typically observed for organic
semiconductors can be obtained from consideration of the surface energies involved. There
are three well-known and distinct growth modes that describe the out-of-plane evolution
of the thin fIm. These are shown in Fig. 2.7 and will now be discussed in turn.

Frank-van der Merwe growth

In Frank-van der Merwe or layer-by-layer growth (Fig. 2.7a), the one molecule tall layers
are formed one by one as planar sheets. The nucleation of each layers is two dimensional,
and the nucleation of the second layer will only begin once the frst monolayer is fully
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Figure 2.8: Schematic illustration of the surface free energies between the surface, ad-
sorbate, and vapor, and the related contact angle ~.

completed (i.e. the material completely wets the substrate).

Volmer-Weber growth

In Volmer-Weber or island growth growth (Fig. 2.7c), the growth is three dimensional from
the onset and occurs mainly the vertical direction. The molecules nucleate in clusters on
the surface and proceed to grow into island-like structures. This type of growth typically
results in low surface coverage during early stages of growth, and increased roughness of
the fnal fim . The three-dimensional growth may also give rise to an increase in the
number of grain boundaries [75, 88, 89].

Stranski-Krastanov growth

An intermediate case between layer-by-layer growth and island growth is Stranski-Krastanov
or layer-plus-island growth (Fig. 2.7b). The growth initially proceeds in layer-by-layer
manner until it changes to island growth at a critical flm thickness. This type of growth
is the most common for organic semiconductors [39, 43, 90], and occurs because of changes
to the energetic landscape during the growth process in combination with kinetic efects.
For example, strong molecule-substrate interactions that lead to layer growth are shielded
by the initial (wetting) layer, after which island growth occurs [91, 92]. Another example
is the emergence of an energetic barrier limiting interlayer difusion [90].

It is common practice to invoke equilibrium surface free energies to explain the occurrence
of the diferent growth modes discussed above [78, 93-95]. The equilibrium growth is
described by the balance of surface free energies between the surface, adsorbate, and vapor
(see Fig. 2.8), all of which are related to the change in the Gibbs free energy required to
create the surface or interface. For typical thin-flm deposition of organic semiconductors,
the vapor density is low and approximately corresponds to vacuum. The angle between
the adsorbate (approximated by a liquid droplet of material) and the surface is denoted
as the contact angle (or wetting angle), and it is related to the surface energies by

cos” = %2 (2.3)
av
In cases where the surface-adsorbate and vapor-adsorbate surface energies are greater
than the surface-vapor surface energy, sa+ av = sv, the contact angle will be fnite (i.e.
> > 0), and the interface and surface areas of the adsorbate will be minimized, leading to
island growth.

If instead, the energies are balanced, 3 + av sv, the contact angle is zero and the
flm growth proceeds in layer-by-layer fashion. This corresponds to the situation where
the adsorbate completely wets the surface.
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Finally, the Stranski-Krastanov growth occurs when the wetting angle > changes with
increasing FIm thickness. After initially being zero, > becomes fnite after the deposition
of a critical number of monolayers, and the growth mode transitions from layer-by-layer
to island growth.

2.5.3 Considerations specifc to small organic molecules

The general considerations above apply to flms of both organic and inorganic materials.
However, there are several issues specifc to OSCs which further complicate matters, and
lead to distinctively diferent growth behaviors. These issues are described in detail in
Refs. [39, 84] and are briefy outlined here.

= The most fundamental diference is that the OSC molecules are anisotropic objects
in all but the most simple cases. The means that, in addition to the translational de-
grees of freedom, the OSC molecules also exhibit several internal degrees of freedom
related to orientation and conformation. The orientational freedom of the molecule
can give rise to additional sources of disorder [40, 96], or manifest itself as a sig-
nifcant contribution to the nucleation barrier [97, 98]. Ewven in cases where the
transition during growth is not considered, the fnal structure is often distinguished
by whether the molecule are predominantly standing-up or lying-down on the surface
[99, 100].

< The intermolecular and molecule-substrate interaction potentials are often domi-
nated by weak van der Waals forces. It should be noted that, while the van der
Waals forces are considered weak by comparison, the total binding energies obtained
by integrating over all atoms in the molecule are still substantial. The result is typi-
cally a softer material, that can potentially accommodate more strain. The build-up
of strain in the flm can lead to a change in growth mode at a critical fIm thickness,
which is then typically lower for organic thin flms. This has for example been ob-
served as a change in the Ehrlich-Schwoebel step-edge barrier (describing the energy
barrier for interlayer transport across a molecular step-edge) with increasing fIm
thickness [90, 101, 102].

= The unit cell size is typically much greater compared with inorganic materials simply
due to the size of the molecules. This is relevant in cases of epitaxial growth on
inorganic substrates, where the larger unit cell of the OSC molecule can lead to more
translational domains (and ultimately, more disorder). The efective corrugation of
the substrate is also felt by the molecules to a lesser extent, since lateral variations
in the interaction potential are distributed over the large unit cell.

2.6 Surface templating

Modifying the substrate surface is a common way to control the structure of the overly-
ing OSC flm, particularly for fIms deposited from vacuum [103-106]. In Papers Il and
111, the orientation of molecules during growth is controlled by employing various (two-
dimensional) templating substrates. In general, the orientation of OSC molecules in thin
flms is governed by the interplay of intermolecular interactions and substrate-molecules
interactions. It therefore follows, that if the interaction strength between molecules and
substrate change, the orientation of the OSC molecules may change accordingly. On
weakly interacting substrates, such as oxides, rod-like aromatic molecules tend to adopt
a standing orientation with their molecular backbone aligned approximately parallel with
the surface normal. On the other hand, strongly interacting templating layers can induce
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substrate-molecule interactions comparable to the molecule-molecule interactions, result-
ing in a lying-down confguration of the molecules [107]. For example, two-dimensional
materials such as graphene can act as templating layers for -conjugated molecules, where-
upon the molecules adopt the lying-down confguration through predominantly - inter-
actions. This type of growth characteristic was reported for pentacene on monolayer
graphene by Lee et al. [108], and similar results have been reported for para-hexaphenyl
[109] and other small molecules [107, 110, 111]. The molecular epitaxial growth of crys-
talline overlayers onto two-dimensional materials is described in detail in Ref. [112].
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Chapter 3

Methods for Characterizing Thin Films

This chapter discusses some of the experimental techniques used to study the structure of
OSC thin flms in Papers I-1V.

3.1 Grazing incidence wide-angle X-ray scattering

In order to probe the structure of organic thin flms, the experimental geometry must
be chosen with care. Since the thin flms are almost always deposited onto a supporting
substrate with a thickness many times that of the actual flm, conventional transmission
geometry is not very useful, as most of the scattering signal would stem from the substrate
itself. Instead, X-ray difraction techniques where the incident X-ray beam enters the
sample at very small angles are used. The simplest variant is grazing incidence X-ray
scattering (GIXS) or difraction (GIXRD/GIXD) [59, 113]. Depending on the structural
feature size of interest, the detector can be positioned to probe either large or small
scattering angles. In the case of grazing incidence wide-angle X-ray scattering (GIWAXS),
the feature sizes probed at typical X-ray energies (on the order of 10 keV) correspond to
the size of the crystalline lattice.

The experimental confguration of GIWAXS is schematically shown in Fig. 3.1. In this
confguration, the incidence angle ; of the primary X-ray beam relative to the sample
surface, is chosen to be close to the critical angle of total external refection. The critical
angles of OSC thin flms are typically lower than those of the employed substrates, which
means that by choosing a grazing angle that is slightly higher than the critical angle of the
fIm, but slightly below the critical angle of the substrate, only the bulk structure of the
flm is probed during the measurement. In the material studies presented in Paper I-1V,
the typically employed incidence angle is  0:17 , which falls between the critical angle of
the Flm ( NaT2 = 0:14) and the substrate ( $'°? = 0:19). Both values are calculated for
an X-ray energy of 10 keV. The grazing angle can also be chosen to be below the critical
angle of the flm, in which case only the microstructure near the flm surface is probed, or
it can be varied during the experiment to obtain depth-resolved structural profles. Due to
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2D detector

/\,ai
Figure 3.1: Grazing incidence wide-angle X-ray scattering geometry on thin flms. The
primary beam k; enters the sample a shallow angle ; and scatters at an angle.  denotes
the in-plane scattering angle of the scatter beam k¢, while ¢ denotes the out-of-plane
scattering angle. A 2D detector, placed a at given sample-to-detector distance (SDD)

downstream from the sample, records the entire scattering image. denotes the rotation
of the sample about the surface normal.

the very shallow angle, the travel path | of the X-ray inside a fIm of thickness t is on the
order of | = t/sin , resulting in a large efective beam footprint, and a correspondingly
large area of the flm being probed. This mean that even very thin fIlms (on the order of
nanometers) can be successfully probed in GIWAXS [114, 115].

The scattering signal from a GIWAXS measurement can be measured by use of either
point or area detectors. With point detectors, the incidence angles ; is kept constant
while the detector is moved to collect scattering signals at diferent scattering angles. Point
detectors allows for accurate high-resolution data, but it comes at the cost of very slow
acquisition times. Instead, most modern GIWAXS experiments rely on two-dimensional
(2D) area detectors (see Fig. 3.1), where the scattering pattern over a wide range of angles
is collected in a single measurement. This enables GIWAXS experiments with much
shorter acquisition times, which in turns allows for in situ and time-resolved experiments
[77, 116]. In modern 2D detectors, the trade-of in angular resolution is minimal [117,
118]. The angular resolution determined by factors such as pixel size, beam size and
sample-to-detector distance [119]. The area detector is shielded with a beamstop in order
to protect it against the high intensity of the transmitted primary beam. The region of
the detector surrounding the beamstop is often dominated by difuse scattering for typical
thin-fIm samples due to lack of structural order on larger length scales (i.e. scattering
from grains with ill-defned sizes). In particular, the specular rod of difuse scattering along
the g, axis can be attributed to roughness of the surface. In Paper 111, we use this difuse
scattering along the specular rod to infer information about the thin flm growth, since the
the surface roughness oscillates with island coalescence. However, a full treatment of the
difuse scattering requires the use of GISAXS (see Section 3.2). If the experiment is not
carried out in vacuum, difuse scattering from the primary beam in air will also contribute
to increased scattering intensity around the beamstop.
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Ewald sphere

Orientation sphere

Figure 3.2: Intersection of the Ewald sphere with the crystallite orientation sphere,
indicating the allowed difraction events in grazing incidence geometry. Crystallites with
near in-plane orientation (vector a) can intersect the Ewald sphere, while crystallites with
out-of-plane orientation (vector ¢) do not result in any observable scattering. Vector b
denotes the case where scattering vectors that are not vertical will result in observable
scattering along the vertical g, line on the detector.

3.1.1 Texture and detector distortion

In the GIWAXS geometry, the sample rotation (see Fig. 3.1) is fxed during the mea-
surement, meaning that the 2D area detector only records a slice of the reciprocal space.
In most cases, this is not a problem, since OSC thin fims typically posses an isotropic dis-
tribution of the the crystallites in the substrate plane. This isotropic in-plane distribution
gives rise the scattering rings in reciprocal space [120], which are awlays intersected by the
detector plane (or strictly speaking, the Ewald sphere) independent of the rotation angle.
In other words, the in-plane orientation of the crystallites is random, meaning that at any
given , an equal number of crystallites are in Bragg condition and give rise to refections
in the scattering pattern. Films with isotropic in-plane crystalline structure is referred to
as having thin-flm texture or fber-texture. If the sample is not fber-textured, information
on the in-plane orientation of the molecules is obtained by performing -scans, where the
sample is rotated about the substrate normal [67]. In cases where the in-plane molecular
orientation is controlled, for example by mechanical rubbing [100] or by epitaxial growth
on highly ordered substrates [121], the samples will not exhibit fber-texture.

Moreover, the fxed incidence angle GIWAXS means that the true specular (gxy = 0) is
probed only for ¢ = . This is caused by the curvature of the Ewald sphere, which
is schematically illustrated in Fig. 3.2. The Ewald sphere is a geometric representation
of the scattering equation with radius k; and origin at the sample, and any point on the
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Figure 3.3: Example of image transformation from detector space to reciprocal space.

surface of the Ewald sphere satisfes the difraction condition given in Chapter 1. Now
let us imagine a sphere representing the orientation of thin flm crystallites in reciprocal
space. The sphere has radius gg, corresponding to the scattering vector of interest, and is
located with its center on the surface of the Ewald sphere at the head of the incoming ki
vector. The intersection of the two spheres thus corresponds to all observable difraction
in the grazing incidence geometry. From Fig. 3.2 we see that crystallites with scattering
vectors gg pointing in the in-plane direction will intersect the Ewald sphere (vector a),
while those crystallites with gg pointing out-of-plane will not intersect the Ewald sphere
(vector ¢), unless in the special case of § = ; (corresponding to a situation where ¢ in
Fig. 3.2 exactly terminates at the Ewald sphere). In practice, this means that linecuts along
the g, direction in 2D GIWAXS images does not provide true specular information, but
rather information from planes that are misoriented from the substrate normal (vector b
in Fig. 3.2), with greater distortions at higher scattering angles. The 2D detector patterns
can be transformed into reciprocal space maps by applying the appropriate distortion
correction (see Fig. 3.3), that is, by correctly projecting the three-dimensional curvature
of the Ewald sphere onto the 2D detector image [120]. Unfortunately, this step is often
ignored in the literature.

3.1.2 Determining the Crystalline Unit Cell

Once the difraction data has been correctly converted to reciprocal space, information
on the crystalline unit cell of the thin fIm can be obtained. The unit cell information is
contained in the positions of the Bragg peaks, and the analysis is analogous to the lattice
refnement in X-ray crystallography of single crystals [123]. However, for most thin fIms,
only a limited number of difractions peaks are available compared with difraction from
single crystals, where the refnement of the unit cell is based on thousands of observed
peaks [53]. This mean that the unit cell refnement in many cases relies on prior knowledge
of the sample, such as expected packing direction and distances, or data from single-crystal
refnements. In some systems, the thin flm processing might even favor the crystallization
of diferent polymorphs [30], in which case the structure from single-crystal refnement will
not give information on the thin flm structure. Moreover, for many OSCs, it is dildcult
(or even impossible) to grow single crystals that are sullciently large for single crystal
refnement [59].

Difraction from crystalline thin flms occur at specifc g vectors, where neighboring crys-
talline planes give rise to constructive interference of the scattered waves. Bragg’s law



Grazing incidence wide-angle X-ray scattering 31

(Eg. (1.9)) then relates the magnitude of the reciprocal lattice vector to the interplanar
lattice spacings. In the reciprocal space, the crystallographic planes are described by their
Miller indices h, k and I, which denote a family of planes orthogonal to the reciprocal
space vector

gnkt = (ha +kb +1c): 3.1)

Here, the common notation a; = a, a; = b and az = c is used. The reciprocal space lattice
(a ;b ;c ) is then related to the real-space lattice (a; b;c) by

b c
a =2 ———;
a (b o
c a
b =2 ——; )
a® 0 (3.2)
a b
c =2 ——:
a (b o
If the orientation of the crystalline lattice with respect to the substrate surface is known,
then the unit cell refnement reduces to a problem of 6 unknowns: a;b;c; ; ; , thatis,
the magnitudes of the real-space lattice vectors and the angles between them. The direct
lattice parameters and the reciprocal lattice parameters a ;b ;c; ; ;  are related

through Eq. 3.2. A complete list of all the relationships is given in Table 1 of Ref. [124].

In the following, let us consider the case where the (001) lattice plane of the thin flm
is parallel to the substrate surface. This corresponds to one of the most common cases
in small molecule thin flms, where the molecules adopt a standing confguration with
the molecular long-axis oriented near out-of-plane [30, 34, 49, 54, 125]. In this case,
following the notations of Merlo et al. [49], the in-plane and out-of-plane components of
the scattering vector can be separated. The in-plane component of the scattering vector
g can be written as

0% = 62+ 02 = h2(a,)> + K2(b)?  2hkcos ; (3.3)

where a, and b, are the magnitudes of the in-plane components of the reciprocal lattice
vectors, and |, is the in-plane angle between a and b .

In a similar manner, the out-of-plane component of the scattering vector q can be written
as
0, = ha, + kb, +Ic ; (3.4)

where a, and b., are the magnitudes of the out-of-plane components of the reciprocal
lattice vectors.

In order to solve Egs. (3.3) and (3.4), the integers h, k and | need to be varied and qxy, and
. values from at least three independent Bragg peaks are required. Once the parallel and
perpendicular components of a and b are obtained, the three reciprocal lattice angles
can be calculated using the following equations:

1

=5 tan 1 22
“
_ 1 8o
—2 tan ak (35)
@) 1
a-bh, +a.b, cos k
— cos 1@q?? KMk

(akZ + a?Z)(ka + b?Z)
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The magnitudes of the reciprocal scattering vectors a and b are calculated in a straight-
forward manner as

(o
a = a?’+ay’
K axh

- (3.6)
b = bk2 + b2
Finally, the real-space lattice is calculated by using the relationships given through Eq.
(3.2).

In practice, Eq. (3.3) is solved using educated guesses for (hk) and the three unknown
in-plane components of the reciprocal lattice parameters. Once a set of self-consistent (hk)
values is determined for all Bragg peaks, the three unknown lattice parameter components
are found by least squares minimization of gy for all Bragg peaks. Subsequently, Eq. (3.4)
is solved using the same self-consistent set of (hk) values together with educated guesses
of the three unknown out-of-plane components of the reciprocal lattice parameters and 1.
This is once again done by least squares minimization of g, for all Bragg peaks.

The situation is more complicated if the lattice orientation is not known a priori. In this
case, an additional three parameters must be determined, corresponding to the lattice
rotation. A full mathematical expression for this problem was eloquently derived by
Simbrunner et al. [124, 126].

From Ref. [124], in the case of the (001) lattice plane being parallel to the substrate
surface, the reciprocal space vector can be represented by the matrix equation

O 1 O . . 10 1 O1
Ox a sin  sin 0 0 h h
q=@qA=@ asin cos b sin 0A@KA = Ay QKA: (3.7)
0z a cos b cos c | [

If the contact plane, that is, the plane parallel to the substrate surface, is diferent from
the (001) plane, the reciprocal lattice vectors become

o1
h

q = RAu @kA, (3.8)
|

where R describes the rotation around the zone vector n, which is orthogonal to the (001)
plane normal and the new contact plane normal. If the lattice parameters are known a
priori, the problem reduces to simply fnding the rotation matrix R that gives rise to the
rotated refections [54, 108].

While the unit cell describes the smallest repeating unit of the crystalline structure, it
does not explicitly describe the exact packing and orientation of the flm molecules. One
approach to determine the molecular arrangement inside the unit cell is to make an edu-
cated guess on the number of molecules based on the unit cell size. The "exact” spatial
arrangement can then be calculated using energy-minimization methods such as density
functional theory (DFT) calculations [55, 127]. However, there are inherent limitations
in the DFT treatment of dispersion forces, and while the approach can yield good ap-
proximations, total accuracy cannot be expected for most OSC systems because of the
importance of van der Waals interactions.

A more detailed approach involves extracting information from the peak intensities in the
scattering pattern [34, 59]. In the GIWAXS geometry, the area detector captures the full
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spatial extent of the difraction peak, and the integrated peak intensity is given by [34]

4

I (hkl) = |0meTC4N K KFhi k2 (3.9)

e

where lg is the incident beam intensity and N is the number of unit cells in Bragg condition.
The structure factor thk|k2 is defned in Chapter 1. The K term encompasses several
correction terms, including Lorentz and polarization corrections, and the Debye-Waller
factor, which accounts for dynamic disorder of the molecules. The number of measurable
peaks in GIWAXS is typically much less than what is needed to refne the positions
of the individual atoms [34], and assumptions must therefore be made. By assuming
the molecules to be rigid, the number of independent variables is drastically reduced to
just six per molecule in the unit cell, corresponding to the three translational and three
rotational variables. The molecular arrangement can then be determined by minimizing
the theoretical intensities versus the experimental data. The work presented in Papers
I-1V involves only limited calculations of the molecular arrangements, and the reader is
referred to our work in Ref. [55] for a detailed study on the molecular arrangement of
naphthyl end-capped oligothiophenes in flms.

3.1.3 Determining crystallite size

As briefy discussed in Section 2.2, the crystallite size (sometimes grain size) is an im-
portant feature for efective charge transport in OSCs. Information on the size of the
crystallites is contained within the width of the difraction peaks, and the simplest way
to extract the crystallite size is by application of the Scherrer formula. The Scherrer for-
mula relates the full-width at half-maximum (FHWM) of a difraction spot (hkl) to the
correlation length of the lattice (i.e. the distance over which the lattice repetitions are
well correlated) as

2 K.

Ohkl’

Dhi = (3.10)
where the Scherrer constant K is a shape factor (typical values range from 0.8 to 1 in
the literature) and gny is the FWHM of the difraction peak in units of q. Very sharp
difraction peaks indicate large coherence lengths, while broad peaks indicate small coher-
ence lengths. This inverse relationship originates from the inverse nature of the reciprocal
space. In the literature, the correlation length obtained from the Scherrer equation is
often called the grain size or crystallite size, and is meant to refer to the average distance
between neighboring regions in the crystal lattice that are similarly ordered. However,
the coherence length Dy of the crystallites is not only a factor of the fnite crystal size,
but also depends on other factors such as non-uniform distortion of the lattice, long rage
disorder, and thermal fuctuations. Thus, strictly speaking, only in cases where there are
no other contributions to peak broadening (which is never the case for real materials),
or when all other contributions are accounted for, does the Scherrer equation provide the
actual size of the fnite crystallites. In OSCs, where the crystallinity is never absolute, the
coherence length obtained from the width of a difraction peak provides only a minimum
value for the crystallite size, since all other contributions lead to an increase in the FWHM.
It should be noted that the crystallite size or grain size obtained by X-ray difraction is
often diferent from morphological domain size observed by imaging or probe microscopes.

In practice, the experimentally observed peak broadening is also afected by instrumental
broadening as

b
Qexp = Ohkl +  Qres: (3.11)
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Figure 3.4: Resolution limits for typical GIWAXS setup. The experimental parameters
are given in the text.

The difraction peak broadening due to the instrumental setup in GIWAXS has been
described in detail by Smilgies [119]. In the following, a brief overview is given including
an example of the instrumental broadening at one of the beamlines used in Papers I-1V.
The principal contributions to the instrumental broadening are the divergence of the X-ray
beam, the beam-energy bandwidth and the fnite footprint of the beam on the sample.

The beam divergence contribution can be divided into a horizontal component ?_, and a
vertical component J,, assuming an elliptical beam profle. For a given azimuthal angle
, the radial beam divergence is
1
L()= 5 (3.12)
[cos?2 / L4 +[sin® / 7

Assuming that the whole incident radiation cone is refected, the divergence of scattered
beam is equal to the beam divergence Bgjy = ‘,)Q.

The broadening due to the energy bandwidth of the incident X-rays is given by
Bew =2 tan(2 /2); (3.13)
where 2 is the scattering angle and is the energy Bandwidth of the X-rays.

Finally, the broadening due to fnite footprint of the beam on the sample is given by

wtan 2

Bgeo = ————:
%~ sbD

Because of the shallow angle in grazing incidence geometry, the longitudinal beam footprint

typically spans the entire with of the sample. Thus, the peak width broadening in Eq.
(3.14) is efectively due to the width of the sample.

(3.14)

The total instrumental broadening is then given by
a

Bres =  Buiv( )2 + Bew( ;2 )2 + Bgeo(W; 2 )2; (3.15)
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or in units of the scattering vector g

Ores = i Cos 27 B;S:
Figure 3.4 shows the typical instrumental resolution for GIWAXS at the P03 Micro- and
Nanofocus X-ray Scattering (MiNaXS) beamline of PETRA 111, DESY [6]. For this par-
ticular setup, the horizontal and vertical beam divergence are estimated from the size of
the primary beam at the sample and at the detector to !, = 0:8 mrad and ! = 0:6
mrad, respectively. The energy bandwidth of the Si(111) equipped monochromator is

= E/E ~ 10 4 [6], and the calculations assume a sample width of 5 mm. | can be
seen that the peak width resolution is strongly limited by the geometric smearing at higher
scattering angles, while the beam divergence is the limiting factor at small angles. Due to
the very low energy bandwidth of modern synchrotron monochromators, the attributed
peak broadening is negligible.

(3.16)

In principle, it is possible to decouple the efect of fnite crystal size from that of cumulative
disorder on the difraction peak broadening, and various techniques have been applied with
success to systems of OSCs. Cumulative disorder describes the long range distortions the
ideal crystalline lattice that stem from accumulation of distortions and defects [66, 128]. In
a difraction pattern, cumulative disorder will manifest itself as a distinct increase in peak
broadening at higher orders of difraction in the same set of crystal planes, for example
(100), (200), (300) and so forth [67]. Since the broadening of a difraction peaks due to
Tnite crystallite size is independent of the difraction order, this progressive broadening
efect can be used to efectively decouple the fnite crystallite size and lattice disorder
contributions. By plotting the peak width as a function of difraction order, one can
extract the fnite size of the crystallites from the zero intercept, and the magnitude of
lattice disorder from the slope. This simple method, referred to as Williamson-Hall analysis
[129], is useful for highly ordered and strongly difracting systems, where at least three
orders of difraction are present in the scattering pattern. Hence, its applicability is limited
in systems with high cumulative disorder or low crystallinity, such as most polymers [130-
132]. Nevertheless, the William-Hall analysis method has successfully been applied to
both polymers, such as PBTTT [133, 134], and small molecules [135].

Another more involved approach is based on the Fourier-transform of individual difraction
peaks. In this technique, frst introduced by Warren and Averbach [136, 137], the entire
peak shape is utilized, and fnite size and cumulative disorder contributions are decoupled
due to their specifc functional dependences on difraction order and Fourier frequency [66,
138]. The Warren-Averbach method can be applied to system with as little as 2 difraction
orders, but requires high-resolution and low noise data, and the multi-step analysis is not
straight-forward.

3.1.4 In situ GIWAXS

The thin flm formation during vacuum deposition (see Section 2.4.1) can be studied
in realtime by employing a portable ultra-high vacuum (UHV) chamber installed at a
synchrotron beamline [39, 40, 116, 139], or with a high fux laboratory X-ray source, as
demonstrated in Paper Il. An illustration of the portable UHV chamber used in Papers
Il and 111 is sketched in Fig. 3.5. The main chamber of the device is encompassed by a
cylindrical beryllium construction that acts as a transparent window for the incoming and
outgoing X-rays. The chamber is mounted on a goniometer stage (or equivalent) whereby
the sample substrate can be precisely inclined with respect to the incidence beam at
grazing angle ; and the 2D GIWAXS pattern can be recorded. During deposition, the
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Figure 3.5: Schematic illustration of a portable UVH chamber for realtime in situ mea-
surements of thin fIm growth used in Papers Il and Ill. The cylindrical beryllium con-
struction allows acts as a transparent window for the X-rays, allowing for the incoming
primary beam and the scattered signal to pass through. The chamber can be installed
directly into the synchrotron beamline.

vacuum inside the chamber is maintained via a series of membrane-, turbomolecular-, and
ion pumps, yielding a typical base pressure of 10 8 mbar. The chamber is equipped
with a Knudsen efusion cell containing the OSC material, and upon heating of the cell,
a steady fow of evaporated molecules will be generated. The molecules are adsorbed
upon reaching the substrate surface, initiating the thin flm growth. A motorized shutter
controls the deposition, and the molecular fux is controlled by adjusting the evaporation
temperature. The growth rate (on the order of  0:03 A/s in this work) is monitored by
a calibrated quartz crystal microbalance positioned inside the chamber. The sample stage
is equipped with a substrate heater in order to control the growth temperature.

The resulting four-dimensional dataset contains information on the realtime evolution of
the crystalline structure. Realtime in situ growth observations are therefore indispensable
for capturing important dynamic processes and transient structure, that otherwise would
be missed by post-growth measurements alone [40, 140, 141].

3.2 Grazing incidence small-angle X-ray scattering

Grazing incidence small-angle X-ray scattering (GISAXS) is, as the name implies, anal-
ogous to GIWAXS but with a focus on smaller scattering angles (typically 2 < 5).
Like GIWAXS, GISAXS is a surface sensitive technique used to measure correlations in
electron density in thin flms. The setup geometry in GISAXS is identical to GIWAXS,
with the exception of a longer sample-to-detector distance (see Fig. 3.6), which allows for
measuring of very small scattering angles with suldciently high angular resolution. There-
fore, GISAXS probes larger size correlations corresponding to the nanostructure (typically
1-100 nm) of the flms. It is often used in conjunction with GIWAXS in order to cover
the entire length scale from lattice to nanostructure, for example in realtime studies of
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GISAXS

GIWAXS

@
Figure 3.6: Grazing incidence small-angle X-ray scattering (GISAXS) geometry on thin
flms with comparison to GIWAXS. The sample-to-detector distances are not drawn to
scale, and are typically tens of cm for GIWAXS and 2-5 m for GISAXS.

nucleation and growth of small molecules, where the formation and coalescence of islands
can be probed [37, 43, 116]. It is also a useful technique for studying blend fims, where
long range phase separation is important [77, 142].

Due to the very small scattering angles, the distortion of the scattering pattern due to the
curvature of the Ewald sphere is not very prominent. For small scattering angles, the x
component of the scattering vector q is very small and the approximation gxy ~ gy holds.
In practice, this means that the transformation from detector space to g-space can be done
in a straight-forward manner.

The resolution analysis shown in Fig. 3.4 is also applicable in GISAXS, and it illustrates
the importance of having a low beam divergence for GISAXS experiments. Moreover, due
to the long sample-to-detector distance, a fight tube is typically employed along the path
between the sample and the detector to minimize air scattering and thus intensity loss of
the scattered signal. In addition the primary beamstop also found in GIWAXS, GISAXS
makes use of a second beamstop to block the strongly refected specular beam af ¢ = ;.
This secondary beamstop is not necessary in GIWAXS, since the angle of the specular
beam is relatively small and a can be blocked by the same beamstop as the primary beam.

The analysis of GISAXS scattering data is not straight-forward because of the dynamic
efects which occur at small angles close to the critical angles of the involved materials
[143]. To account for these efects, the scattering is typically analyised in the so-called
Distorted Wave Born Approximation (DWBA), in which the Born approximation (where
the total feld inside the material is simply assumed equal to the incident feld) is extended
to account for perturbations by higher order multiple scattering efects [144, 145]. The
efects of these perturbations are seen most strongly at scattering angles matching the
critical angle of the flm, where the scattering is greatly enhanced - this is known as the
Yoneda peak [146].
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3.3 Atomic force microscopy

Atomic force microscopy is a scanning probe technique used to probe the local structural
features of surfaces in the the nanometer to micrometer regime [147, 148]. AFM is com-
monly employed to study the surface morphology and structure in OSC thin flms due to
its widespread availability and ease of use [53, 86, 102, 149, 150]. The technique works by
scanning a sharp tip positioned at the free end of a cantilever across the sample surface,
whereby the sample topography can be evaluated at high precision and resolution. The
interactions between the tip and the surface are governed by interatomic attractive and
repulsive forces, that are of extremely short range nature.

The AFM can be operated either in contact mode, where the sample-tip interactions
cause a static defection of the cantilever, or in oscillatory modes, where the cantilever
oscillates at or close to its resonant frequency, and changes in the dynamic parameters
of the oscillation gives information about the sample. Due to the soft nature of OSC
flms, the contact mode, in which the tip stays in constant contact with the sample, is
seldom used. Instead, most studies of organic materials use an oscillatory mode called
tapping [151]. In tapping mode, the tip oscillates with a constant frequency equal to the
resonant frequency of the cantilever. A focused laser beam is aimed at and refected by
the top of the cantilever, and the defection pattern of the refected beam is recored by a
photodiode, generating an electronic AC signal. Upon the tips encounter with the surface,
the signal from the refected beam changes, revealing information about the vertical height
of the sample surface. Thus, by continuously adjusting the distance between the tip and
the sample based on feedback from the return signal, the amplitude of the oscillation
is kept constant as the tip follows the surface’s topographic features. The resolution of
tapping mode AFM is primarily governed by the shape of the tip, but also by tip-sample
interactions [147].

While AFM is useful for investigating morphological features in thin flms, the information
is inherently limited by the fact that AFM only probes the flm surface, and changes in
the longitudinal structure (i.e. along the surface normal) are not observed. Moreover,
the obtained information is also highly localized, and care must be taken to ensure that
the imaged area is indeed representative of the entire sample. It is sometimes possible to
retrieve material information from the phase-shift between the drive signal and the return
signal, the details of which can be found elsewhere [147].

3.4 UV-Vis absorption spectroscopy

UV-Vis absorption spectroscopy measures the absorption of light in a material in the
ultra-violet and visible spectrum. The technique can be used to determine the absorption
bands of the material, and provide information on the vibrational modes of the molecules
through electron-phonon interactions. It works by measuring the amount of light trans-
mitted through a sample at a specifc wavelength and calculating back the amount of light
absorbed by the material. The absorption spectrum is typically measured in terms of
absorbance [152], which is defned as

A()= Iogloll(’(—); (3.17)

()

where lp and | are the intensity of the light before and after hitting the sample, re-
spectively, and is the wavelength of the light. According to Beer-Lambert’s law, the
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transmitted intensity decreases exponentially with the sample thickness | as
I =110 (3.18)

where is the absorption coeldcient and is related to the absorbance as A = I. Since the
absorbance depends on the flm thickness, the absorption spectrum must be normalized to
the thickness in order to facilitate a quantitative comparison between multiple samples. In
practice, the absorption spectrum is measured by depositing the fIm onto a transparent
substrate (e.g. glass) and measuring the entire sample along the substrate normal. Hence,
the absorption spectrum of the bare substrate is to be measured separately and subtracted
from the flm spectrum.

In -conjugated OSCs, the orbitals of the carbon atoms are hybridized into highly anisotropic

and orbitals, located in-plane with and perpendicular to the molecular backbone, re-
spectively [153]. The overlap of the orbitals of adjacent carbon atoms is large, and the
strong bonds are therefore not excited by photons in the UV-Vis range. On the other
hand, the relatively weak  bonds have energy gaps that correspond to the energy of a
photon in the UV-Vis range. Typically, the lowest electronic transition, that is, between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular or-
bital (LUMO), is a transition between states with alternating sign. This transition is
named the - transition, and is typically the dominating feature in the absorption spec-
trum of -conjugated OSCs. Due to the highly anisotropic band structure, information
about the average molecular orientation can be extracted from the absorption spectrum
by polarizing the light.

It should be noted that the absorption spectrum is also afected by the molecular ordering.
The molecules in a well-ordered flm will adopt a more planar conformation, increasing
the delocalization length of the electrons, which reduces the resonance energy [153]. The
absorption spectrum of a well-ordered flm is therefore typically red-shifted with respect
to a disordered flm of the same material. UV-Vis absorption spectroscopy (polarized
and non-polarized) is commonly used as a complementary technique to characterize OSC
thin-fIms [100].
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Chapter 4

Ultra-High Molecular Weight Polyethylene
Fibers

Man-made polymeric fbers have attracted much attention by scientist and engineers
with the desire to create materials with ultimate properties. One such fber with very
high modulus and tensile strength is made from ultra-high molecular weight polyethy-
lene (UHMWPE). In this chapter, the basic properties of UHMWPE fbers are outlined,
providing a material background for the study presented in Paper V. These strong fbers
became commercially available with the invention of the gel-spinning process, where the
polymer is frst dissolved in solvent, then spun, and fnally drawn at elevated temperatures.
The gel-spinning process is discussed in detail in this chapter, including the roles of the
high-molecular weight on tensile strength and the dissolution in solvent on drawability. Fi-
nally, the structural characteristics following from the gel-spinning process are presented,
including a discussion on important transient structures and their Kinetic pathway, and
structural inhomogeneities along the fber diameter.

4.1 General properties

4.1.1 Chemical nature

Polymeric fbers with the highest modulus and tensile strength are made of polyethylene
(PE), one of the simplest and most widely used polymers. PE chains are composed of
methylene groups ( CH» ), connected through C-C bonds in series, and are polymerized
from ethylene gas. At room temperature, PE exists in a semi-crystalline state with regions
of crystalline PE and regions of amorphous PE. In its most common crystalline phase
[154], PE crystallites take the form of an orthorhombic lattice (see Fig. 4.1), where the
molecular chains are oriented along the c-axis. The detailed structure of UHMWPE fbers
is discussed in Section 4.3. Chemically, the polymer chains used for high-strength fbers
are no diferent from other types of PE. However, the molecular weight (i.e. the length of
the chain) is much higher, typically M,, > 108 g/mol.
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Figure 4.1: Orthorhombic unit cell of PE crystallites.

In contrast to other high strength polymeric fbers, the high strength and modulus of
UHMWPE fbers are not inherent to the structure of the chain molecules. While for
examples aramids tend to form straight rodlike molecules, that only needs to be oriented
in order to achieve high tensile properties [155], UHMWPE chains are fexible by nature,
and needs to be forced into an extended conformation in addition to being oriented. The
process of physically extending the molecular chains is not straightforward, and it was not
until the invention of gel-spinning that high modulus and high strength fbers made from
UHMWPE were made possible.

4.1.2 Mechanical properties

The primary properties of UHMWPE fbers are their high tensile strength and high mod-
ulus. Table 4.1 lists the tensile strength and Young’s modulus for UHMWPE fbers, along
with other polymeric fbers and steel. The high strength and modulus in UHMWPE
fhers is a consequence of the high degree of alignment of the polymer chains, utilizing the
strength of the covalent C-C bonds in the backbone of the molecules. The best commer-
cially available UHMWPE fbers have tensile strengths and moduli of around 4 and 160
GPa, respectively. In the literature, the highest ultimate properties (tensile strength of
6 GPa and modulus of 220 GPa) were reported for UHMWPE drawn from single crys-
tal mats [156, and references therein]. Several theoretical studies on the ultimate tensile
strength and modulus of UHMWPE fbers exists [157-160], predicting values ranging from
18-30 GPa for tensile strength and 280-355 GPa for the modulus (Table 4.1). The cal-
culations of the highest theoretical strength is based on the breaking of the molecular
C-C bonds located along the backbone of a polymer with perfectly aligned, infnitely long
chains. The true pictures is of course much more nuanced, and a full discussion on the
discrepancy between theoretical and experimental values is beyond the scope of this work.
The reader is instead refereed some of the previous work on the subject [161-164, and
references therein]. However, the signifcant gap between the experimental values and
maximum theoretical values (4-5 for the ultimate tensile strength, less for the modulus)
indicates that there are still improvement to be made.

Another important quality of UHMWPE fbers is their high strength to weight ratio.
The density of PE is lower compared to other fber materials (cf. Table 4.1), and the
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Table 4.1: Mechanical properties of UHMWPE and other fbers. All values are repro-
duced from Ref. [165] unless otherwise stated.

Tensile Modulus Density Melting
strength (GPa) (GPa) (g/cm3) temperature ( C)

UHMWPE
- commercial [166] 4.1 159 0.97 150
- experimental

[156, and refs. therein] 6.0 220 0.97 150
- theoretical [157-160] 18-30 280-355 0.97 150
Aramid commercial 3.0 112 1.44 560
PBO commercial 5.8 270 1.56 650
Polyarylate commercial 3.2 75 1.41 540
Steels 1 210 8 1500

[156, and refs. therein]

high strength to weight ratio is attractive for weight-sensitive applications such as per-
sonal ballistic protection. The mechanical properties in UHMWPE are naturally highly
anisotropic due to the high degree of alignment of the polymer chains in the fber direc-
tion. The tensile strength and modulus values in the transverse direction of the fber are
correspondingly much lower [167]. UHMWPE fbers also have a relatively low compressive
yield strength of about 2-3% of their tensile strength [167].

4.1.3 Applications

In this section, a brief overview of some of the applications of UHMWRPE fbers is given.
Since 1990, UHMWPE fbers have been commercially produced by Royal DSM in the
Netherlands under the brand name Dyneema, and by Honeywell Specialty Materials in
the USA (with brand name Spectra) and Toyobo Co. in Japan (under the current brand
name lzanas).

Ropes

A big market for UHMWPE fbers is in the form of heavy-duty ropes, made by braiding
multiple yarns of fbers together. Ropes made from UHMWPE fbers have similar tensile
strength and elongation at break compared to steel wires, but at only a fraction of the
weight. This is useful in applications where weight is of critical importance, for example
as mooring and tugging ropes, where traditional steel wires have become too heavy. The
low density of PE means that the UHMWPE ropes foat on water, greatly enhancing
their applicability in maritime environments. For example, during the installation of of-
shore constructions, such as windmills or oil platforms, the ability of the ropes to foat
on water greatly reduces the risk of rope loss during the installation process. Moreover,
ropes made from UHMWPE are not afected by seawater, do not rot, and have high UV
resistive properties. The low weight of UHMWPE ropes is also advantageous in lifting
applications, for example in the form of crane ropes or hoisting slings, where the rope’s own
weight inherently limits the lifting capabilities. Even in rope applications where steel wires
are otherwise applicable, lighter polymer ropes are easier to replace than heavy steel wires.
Smaller ropes are also used for running rigging on yachts or as nets in commercial-scale
Tshing.
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Textiles

UHMWPE fbers can be woven into fabrics to provide additional strength, durability and
abrasion resistance. For example, UHMWPE fbers can be woven into sports clothing,
such as cycling shorts, to provide increased protection without sacrifcing comfort. They
are also used in dedicated protective clothing like safety gloves, where high cut and stab
resistance is critical.

Ballistic protection

High strength fbers made from UHMWPE are used in ballistic applications mainly in
the form of composites. In ballistic applications, the primary properties of interest are
light weight and the ability to absorb high amounts of energy. The energy absorption is
determined by the specifc strength (strength divided by density), elongation, and sonic
velocity (determined by the specifc modulus) [167]. Therefore, the high specifc strength
and specifc modulus values of UHMWPE make them ideal candidates for this kind of
application. Typical UHMWPE ballistic composites are made from unidirectional layers
of fbers in a thermoplastic matrix. The layers are stacked with alternating fber directions,
with each layer rotated by 90 degrees compared with surrounding layers [168]. For fexible
ballistic applications, two layers of alternating fbers are enclosed on both sides by a thin
polymer fIm. In cases where fexibility is not a concern, several alternating layers are
pressed at higher temperatures into the desired shape. In principle, fbers woven into
textile fabrics can be used as well, but they generally show lower ballistic performance
compared with UHMWPE composites. This is most likely due to the low coelcient
of friction of the fbers, which allows the fbers to move in relation to each other upon
projectile impact, lowering the efective amount of energy absorbed.

Medical

UHMWZPE is a much utilized biomaterial within the medical community. A high bio-
compatibility and biostability, in combination with the aforementioned high strength and
low weight, makes UHMWPE fbers one of the most frequently used materials for bearing
surfaces in orthopedic implants [167].

4.2 Gel-spinning

In order to realize fbers with high mechanical properties, the polymer chains need to be
extended and oriented in parallel along the fber axis. Typically, fbers made from fexible
polymer chains can be extended and oriented by drawing the material from melt, that is
where the polymer is in a liquid state and the chains are able to move independently. This
can for example be done by melt-spinning, where the polymer melt is extruded through
the holes of spinneret. However, the high molecular weight of UHMWPE gives rise to an
extremely high viscosity, making it almost impossible to spin UHMWPE fbers from melt.
Furthermore, the high density of polymer chain entanglements in UHMWPE melts severely
limits the drawability of the fbers. The invention of the gel-spinning process in 1979 by
DSM presented a solution to both of these problems. Firstly, by dissolving UHMWPE in
solution, the viscosity is lowered to a point where extrusion through a spinneret becomes
possible. Secondly, the entanglement density is drastically lowered in the spun flaments,
allowing for the fbers to be drawn to a extremely high draw ratios (DRs). The resulting
fbers exhibit high tensile strength and modulus through a combination of high levels of
crystallinity and molecular orientation.
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Figure 4.2: Schematic illustration of the gel-spinning process of UHMWPE fbers.

4.2.1 Gel-spinning process

The gel-spinning process was frst demonstrated in a series of papers by Smith and Lemstra
[169-172]. Figure 4.2 shows a schematic illustration of the process. In brief, the main steps
are as follows: A suspension of polymer and solvent, for example decalin or paralln, is
fed into a twin-screw type of mixer (extruder). The polymer suspension is subsequently
heated above the melting point of the polymer, dissolving the polymer in the solvent. The
solution is then continuously extruded through a spinneret at the end of the extruder. A
spinneret is essentially a device consisting of a fat plate with a pattern of conical holes,
forming capillaries through which the polymer solution fows. The fow of the polymer
solution through the capillaries forces the molecules into a more extended form, and is the
frst step in achieving high chain extension and orientation. Upon exiting the spinneret,
the polymer solution is quenched in a bath after passing through a small air-gap. The
guenching bath facilitates crystallization of the polymer chains, fxing the less entangled
state of the polymer in solution. From this point on, the fber is referred to as gel-like,
with the important distinction that the polymer chains are not chemically bonded to each
other (rather, it is a 'physical’ network formed by the entanglements). In some setups
the liquid quenching bath is replaced by quenching in a controlled atmosphere, where the
solution is cooled instead (sometimes referred to as dry-spinning).

The next step is removing the solvent from the polymer gel, and this is either accomplished
by extraction in the quenching bath, or by evaporation in a controlled atmosphere (drying
of the polymer gel). Following the removal of the solvent from the polymer gel, the
individual fber flaments are drawn by means of hot drawing. The drawing process induces
further reorientation of the polymer chains, resulting in the fnal state of the fber with the
desired high degree of chain orientation and extension. Further discussion on the drawing
step is presented in the next section.

There are several parameters of the spinning process that needs optimization in order
to produce fbers with optimal qualities. These include solvent type and concentration,
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molecular weight of the polymer, spinneret geometry, extrusion speed and quenching tem-
perature, to name a few.

4.2.2 Drawing process

Proceeding the spinning process outlined in the previous section, the fbers are subjected
to a drawing stage, where the high orientation and chain extension of the fnal fbers are
achieved. As mentioned, spinning the fber from solution is a key step for achieving high
drawability, because the low entanglements density of the polymer in solution is fxed in
the system upon crystallization. The drawing of the fbers are performed by wounding
the fber flaments over a series of rollers at an elevated temperature, roughly in between
the dissolution temperature of the gel and the melting temperature of the pure polymer
[170]. The diference in wounding speed between two rollers determine the drawing force
applied to the fber, and ultimately, the fnal DR. The DR is defned as
L

=L 4.1)
where L is the fnal length of the fber after drawing and Lg is the initial length of the
fber. For example, a fber being wound across an initial roller with speed vi = u and a
second roller with speed v, = 10u will have a DR of = 10. Depending on the processing
conditions, it is possible to achieve DRs of over 100 in UHMWPE [173].

4.2.3 The role of molecular weight

A high molecular weight is essential for achieving high tensile strength in polyethylene
fbers [174], and UHWMPE with an average weights above 1  108g/mol is used in com-
mercial fbers. In a simple picture, the molecular chains inside the fbers are bound to
each other through van der Waals forces, which are several times weaker than the covalent
bonds found between the carbon molecules in the polymer chains. Therefore, it follows
that polymers with a high degree of polymerization, that is polymers with long chains, are
more likely to have a large overlap between adjacent chains, and thus stronger inter-chain
bonds due to the additive nature of the van der Waals forces.

The relationship between (weight-averaged) molecular weight (M) and tensile strength
was studied by Smlth et al. [175]. They concluded that the tensile strength scaled with

My as = M *in the range of 5 10% g/mol to 4 10% g/mol. The molecular weight
dependence of the maximum tensile strength in PE fbers was also described using the-
oretical modeling in the work of Termonia and Smith [176]. Their results suggested no
presence of a simple power law dependence outside the experiential range employed by
Smith et al. [175], and that failure predominantly involves chain slippage at low M, and
bond fracture at high My,.

On the other hand, the molecular weight of the feed polymer also negatively infuences
the ultimate drawability of the fber. Bastiaansen [177] showed that the maximal attain-
able DR in melt -crystallized polyethylene scales with weight-averaged molecular weight as
max = W . In solution-cast PE, the maximum attainable DR scales with the Bueche
parameter (cMW) instead as
max = (CMy) 03; 4.2)
This is in contrast to expectations based on the maximum DR of a single polymer chain,
which is expected to have a maximum extension that scales with molecular weight roughly
as
max = (M) (4.3)



Gel-spinning 47

Figure 4.3: lllustration of topological entanglements in polymers.

The above relationship is derived from the ratio between the length of a fully extended
chain and the radius of gyration of an ideal chain [178].

In addition to having a high average molecular weight, the polydispersity of the polymer is
also important for achieving high fber strength. Ideally the polydispersity of the polymer
should be as low as possible. Shorter polymer chains are less efective at transferring the
load in the fber, and represent possible points of failure, while longer chains may hinder
drawing based on the above discussion.

4.2.4 The role of polymer concentration and entanglements

In the previous section, it was established that the maximum attainable drawability of
a PE fbers is limited by the molecular weight. The reasoning for this can be found in
the concept of entanglements. In a simple picture, entanglements can be understood as
topological restrictions of the polymer chain motion by adjacent polymer chains, since the
one-dimensional chains cannot pass through each other (illustrated in Fig. 4.3). Entan-
glements efects in polymers have been extensively studied by de Gennes [179], and later
by Doi and Edwards [180]. In the tube model by Edwards, the polymer chain is divided
into strands between adjacent entanglements, and the motion of individual strands are
assumed to be driven by the thermal motion. The thermal motion of the strands in the
transverse direction can be described by a quadratic potential. The strand is unlikely to
move to a transverse position with an energy more than kT above the minimum of this
potential. This means that the strands are confned inside a tube-like region with diameter
a, which can be interpreted as the end-to-end distance of the entanglement strand

a bNY/Z (4.4)

Here, b is the Kuhn length and N is the number of monomers comprising the entanglement
strand. The number of entanglements Z = N/Ng is a function of the polymer’s molecular
weight. This can intuitively be understood by considering that longer chains are more
likely to entangle than shorter chains. The molecular weight between entanglements is
defned as Mg = N¢Mp, where Mg is the molar mass of the polymer.

In UHMWPE, the entanglement density in melt is thought to be a limiting factor of
drawability in melt-spun fbers [181]. The argument is based on entanglements in polymer
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melts, where the entangled chains form a transient network, with the entanglements acting
as non localized junction points for the applied stress. This hinders large deformation,
and instead, the fbers fracture during drawing. By dissolving the polymer in solution,
the molecular weight between entanglements changes and becomes inversely proportional
to the volume fraction of the polymer as [182]

(Me)sol = Me/ (4.5)

when the polymer concentration exceeds the value of random overlap between polymer
coils. Hence, the number of entanglements is also inversely proportional to the volume
fraction.

Upon crystallization from solution, Smith et al. [182] argues that the favorable entangle-
ment density of the polymer in solution is maintained, that is, the intermolecular topology
is essentially unchanged when removing the solvent from the polymeric gel (corresponding
to the quenching step in Fig. 4.2). Therefore, it must follow that the maximum attainable
DR is dependent on the initial concentration of the polymer in solution. Indeed, the au-
thors use theory for rubber elasticity to argue that the maximum DR must be a function
of the number of chain segments N; between crosslinks as

max — (Nc)llz: (4.6)

Assuming that most of the entanglements trapped in the polymer upon crystallization
from solution acts as crosslinks (N  N¢), combining Eqgs. (4.6) and (4.5) yields

max = (Ne/ )2 (4.7

The above relationship is derived on the assumption that the entanglements are trapped
upon crystallization from solution, and other efects, such as chain slippage and the in-
fuence of crystallites, are not taken into account. In the paper, Smith et al. argues that
these efects are small on the time scale of their experiments, and their results demonstrate
excellent agreement with the scaling proposed by Eq. (4.7).

However, if the polymer concentration falls below the critical concentration ¢ for coil-
overlap, the drawability is also impacted negatively due to poor interconnectivity of the
polymer chains. Therefore, the polymer concentration must be chosen to balance low
entanglement density with sullcient coil-overlap. From an economic point of view, the
polymer concentration must also be sulciently high to ensure optimal productivity. Be-
cause of the extremely high molecular weight of UHMWPE, the coil-overlap concentration
is very low. For example, a 10 wt% UHMWPE-decalin solution containing UHMWPE with
weight-average molecular weight of 2 10° and a polydispersity index (Mw/Mp,) of 12 has
a concentration of c/c 22 [3].

4.3 Structure and morphology

The structure of the gel-spun UHMWPE fbers undergoes extensive changes throughout
the spinning and drawing processes. This structural evolution has been studied extensively,
and is summarized in this section. The less entangled state of the polymer in solution is
crucial for the development of highly oriented extended chains in the fnal fber. However,
the simple picture of chain extension induced by fow of the polymer is nowhere near the full
story, and as we shall see, the structural evolution involves important transient structures
and multiple chain rearranging phenomena. Particularly interesting is the role of the
so-called shish-kebab superstructure, which is thought to originate from the extensional
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(a)
Figure 4.4: (a) TEM image of a shish-kebab superstructure found in a gel-spun
UHMWPE fber. (b) Schematic illustration of the shish-kebab superstructure. The struc-
ture is composed of chain-folded lamellae connected by a core of extended chain crystals.
Figure (a) is reprinted with permission from [183]. Copyright 2011 American Chemical
Society.

fow of the molecules during the spinning process. In the subsequent drawing process,
the shish-kebab superstructures are transformed and the morphology of highly oriented
extended chains is achieved.

4.3.1 Structural evolution during the spinning process
Polymer in solution

In the initial solution, the polymer chains can be described as coils with a degree of
overlap between neighboring chains, assuming that the polymer concentration is above the
critical concentration ¢ [178]. On large length scales, the polymer is expected to exhibit
some amount of concentration Ffuctuations due to the thermodynamics of the system.
Indeed, evidence of such density fuctuations have been show for UHMWZPE in solutions
with polymer concentrations above ¢ [183]. Upon extrusion through the spinneret hole,
the polymer solution is subjected to a shear fow, leading to a enhancement of these
concentration fuctuations [184, 185]. In the literature, the shear fow and subsequent
enhancement of concentration fuctuations, ultimately resulting in phase separation, has
been proposed as the main driving force for the formation of the important shish-kebab
superstructure.

Shish-kebab superstructure

After crystallization of the polymer from solution, but before extraction of the solvent, the
morphology of the as-spun fber is that of polymer-rich domains interspersed with solvent
rich domains. The polymer rich domains are composed predominantly of crystalline shish-
kebab superstructures [2, 3, 183, 186], which are shown in Fig. 4.4. From the fgure, it is
apparent that the shish-kebab superstructure consists of two characteristic parts: a core
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Figure 4.5: lllustration sketching the kinetic pathway from demixed domains in fow to
shish-kebab superstructure: (a) Oblong demixed domains in fow are aligned in strings
parallel with the fow direction. Bridging domains of polymer chains are formed between
neighboring domains (b), which are subsequently formed into bundles of stretched chains
(c), and nucleated into shish (d). The nucleated shish grows into the interior of the domains
(e), forming the backbone of the shish-kebab superstructure (f). Simultaneously, coils in
the demixed domains crystallize onto the surface of the shish (f), and fnally, long-range
rearrangements of the polymer chains within the as-grown shish-kebab causes memory
decay of the demixed domains, forming the fnal ordered shish-kebab superstructure (g).
Reprinted with permission from [183]. Copyright 2011 American Chemical Society.
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of extended chain crystals, called the shish, along which several spherical chain-folded
crystals (the kebabs) are located. The extended chains of the shishes are highly oriented,
forming densely packed fbrillar crystals. The kebabs, on the other hand, are formed by
polymer chains folded into large 3-dimensional lamellae regions, extending perpendicular
to the shish core. The dimensions of the shish-kebab vary with processing parameters,
but typically for as-spun (not drawn) UHMWPE fbers, the shish diameter is on the order
of tens of nm, while the kebabs are much larger, with diameters on the order of um [3].
The shish-kebab structure were frst observed in stirred dilute solutions of UHMWPE in
the 1960s [187], and has been observed in other polymeric systems crystallized during
Tow [188, 189]. While the exact origin of the shish kebab structure is still under debate
[189-193], a scenario based on observations of gel-spun UHMWPE fbers is presented in
the next section.
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Development of shish-kebab structure

A scenario for the formation of shish-kebab superstructures in UHMWPE during gel-
spinning has been proposed by Murase et al. [183]. Here, the authors were able to isolate
individual UHMWPE flaments from diferent stages of the gel-spinning process, and pro-
vide eloguent real-space images of the corresponding fber morphology using transmission
electron microscopy (TEM). The diferent stages of the shish-kebab formation is illus-
trated in Fig. 4.5. Initially, the concentration fuctuations found in the polymer solution
are enhanced by the fow of the solution through the the spinneret. This is manifested
as plane-wave type fuctuations with wave vectors parallel to the fow direction. As the
amplitude of the plane-wave fuctuations increases, the increased hydrodynamic interac-
tions between solvent and polymer destabilize the waves and break them into demixed
domains with oblong shape (see Fig. 4.5a). The demixed domains orient themselves in
strings parallel with the fow due to hydrodynamic interactions, with the long axis of the
oblong domain aligned perpendicular to the fow. The concentration fuctuations in the
demixed domains give rise to regions with higher and lower entanglement densities. In the
shear fow, the stresses on the entanglement rich regions are higher than on the regions
with less entanglements. If the shear stress is above the critical relaxation rate of the
polymer, the entanglements are not able to disentangle in time, and the excess stress is
relieved by squeezing solvent out of the entanglement-rich domains.

In the next stage, domains of bridging chains are formed in the regions of two impinging
domains (Fig. 4.5b). The authors speculate that an enhancement of the local strain rate
causes the bridging domains to form bundles of stretched chains (Fig. 4.5¢) and subsequent
nucleation of shish (Fig. 4.5d). These shish then grow into the interior of the demixed
domains, forming the crystalline backbone of the shish-kebab superstructure (Fig. 4.5e).
This is followed by epitaxial overgrowth of the coils in the demixed domains onto the
surface of the shish, resulting in the crystallization of the kebab (Fig. 4.5f). Finally, long
range rearrangements of the chain molecules are observed, which causes memory loss of the
demixed domains, and as a result, a more ordered shish-kebab superstructure is formed.

The outlined scenario provides one possible kinetic pathway of the molecules from a sys-
tem of entangled coils in solution, to the semi-crystalline shish-kebab superstructure found
in gel-spun UHMWRPE fbers. This kinetic pathway is naturally afected by the process-
ing parameters in the gel-spinning process, and there is strong evidence that involved
timescales varies locally within the fbers themselves. This results in a spatially inhomo-
geneous structure, which will be discussed in Section 4.3.3.

4.3.2 Structural evolution during drawing process

Following the transformation from entangled coils to the semicrystalline shish-kebab struc-
ture during gel-spinning, the fnal rearrangement and extension of the molecular chains
happens during the drawing stage. The structural evolution of the UHMWPE fhers was
studied in detail by Ohta et al. [3]. In the study, UHMWPE fbers spun from solution
were drawn in multiple steps to achieve DRs ranging from 1 to 10. The morphology of
the drawn fbers were studied by TEM, and a simple model for the breaking force was
proposed. The undrawn fbers were shown to consist of the same shish-kebab morphology
as discussed in the previous section. Moreover, the results showed that the shish-kebab
morphology remained the principal morphology even after drawing. Even at the highest
draw ratio (DR = 9), the morphology of the fber was consistent with that a shish-kebab
superstructure with very small kebabs. These fndings implies that the fbrillar morphol-
ogy of extended chains originates directly from the shish-kebab morphology. The situation
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Figure 4.6: Simplifed illustration of the molecular rearrangement in UHMWPE fbers
during hot drawing. The initial shish-kebab morphology (a) is gradually transformed to
a Tbrillar morphology consisting of only shishes (c) by incorporation of the chains in the
kebabs into the shishes. The diameter of the shishes remains constant, while the diameter
of the kebabs asymptotically approaches the shish diameter.

is illustrated in Fig. 4.6.

During the drawing process, the molecular chains in the chain-folded lamellae are rear-
ranged and incorporated into the shishes. This is evident by the fact that, as the DR
of the fber is increased, the diameter of the shishes remains constant while the diameter
of the kebabs decreases and asymptotically approaches the diameter of the shishes. The
molecular rearrangement of the polymer chains is facilitated by the high drawing temper-
ature, and these fndings suggest, that the chains are able to slip along their axes, both
in the shishes and in the kebabs. The authors speculate that the driving force for the
chain incorporation into the shishes is the propagation of stress from the kebabs to shishes
though chains bridging both regions.

The transformation from shish-kebab to microfbrillar structures has also been observed
by X-ray scattering [194-196]. In the late stages of the drawing process, that is, after the
transformation from shish-kebabs to microfbrils, there is a continuous transformation of
the microfbrils into larger chain-extended crystals. This is accompanied by an increase
in the crystalline orientation along the fber axis [162, 194]. Aerle et al. [194] proposes
that the main driving force for the transformation from microfbrils to chain-extended
crystals is an unfolding of the microfbrillar crystallites, causing an increase in the fraction
of so-called inter-microfbrillar material (i.e. material bridging adjacent microfbrils), and
a decrease in fraction of microfbrils. The former is comprised of chains with increasing
length, leading to the formation of extended chain crystals. It is in this late stage of
the drawing process that the highly crystalline (> 90% crystallinity) fnal structure of
the UHMWPE fbers is achieved, consisting of extended chains with a high degree of
orientation along the fber axis.
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Figure 4.7: TEM images of a gel-spun UHMWPE fber showing the whole cross section

of the fber (a) and higher magnifcation images focused on the surface (b,c), intermediate

(d) and core regions (), encompassed by white squares in parts (a,b). Reproduced with
permission from Ref. [3]. Copyright 2010, John Wiley & Sons, Inc.

4.3.3 Structural inhomogeneities in gel-spun fbers

In the previously outlined scenario for the formation of shish-kebabs in UHMWPE fbers
during gel-spinning by Murase et al. [183], the authors noticed that the fber’s structure
varied along the lateral dimension of the fber. Essentially, the timescale of the kinetic
pathway outlined in Fig. 4.5 is faster closer to the surface of the fber. This is thought
to be primarily an efect of the temperature gradient across the fber radius, since the
cooling rate is necessarily higher at the surface compared with the core region. The
authors propose, that the increased cooling at the fber surface results in higher stress
and higher work done by the fow near the surface, accelerating the kinetic pathway. This
efect is seen in Fig. 4.7 by the lateral variations of the fber structure. The shown fber is
extracted from the gel-spinning process before drawing [3]. For this particular study, the
Thers were cooled by nitrogen gas at room temperature in place of the liquid quenching
bath (cf. Fig. 4.2) after leaving the spinneret (i.e. they are dry-spun). It is evident that
the morphology near the surface of the fber difers from the morphology near the fber
core, with the surface region consisting of closely packed shish-kebabs with intercalated
kebabs, and the core region consisting thicker shish-kebabs with interspersed solvent-rich
regions. It has also been proposed that the temperature gradient across the fber radius
can induce a polymer concentration gradient, giving rise to inhomogeneities in crystallinity
and molecular orientation [2].
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Chapter 5

Methods for Characterizing Polymer Fibers

The following chapter serves to outline the experimental techniques and analysis methods
employed to characterize the local structure of UHMWPE fbers in Paper V.

5.1 W.ide-angle X-ray scattering

One of the most commonly used techniques to obtain information on the crystalline struc-
ture in polymers is wide-angle X-ray scattering (WAXS). As the name implies, WAXS
utilizes a close sample-to-detector distance in order to capture scattering information at
wide 2 angles, and in accordance with Bragg’s law (Eqg. (1.9)), resolve feature sizes on
the order of the crystalline lattice. From a a single WAXS image of a polymer sample,
one can obtain information on the crystallographic unit cell, diferent crystalline phases,
the degree of crystallinity, crystallite size (0)r coherence length), the orientation distri-
bution of the crystallites, and so forth. Moreover, WAXS is a highly versatile technique
that can be performed using a laboratory or synchrotron source. Several companies ofer
simple all-in-one solutions, allowing the end user to perform X-ray scattering experiments
in a plug-and-play manner, while advanced in high brilliance synchrotron sources allows
for complex studies of for example crystallization or deformation in real-time or detailed
structural analysis with high spatial resolution. WAXS can be performed on a wide range
of samples, including isotropic samples (powders, isotropic bulk, polymer in solution) and
anisotropic samples with preferred orientation (e.g. fbers). As will be explained below, de-
tailed information on the crystallite orientation distribution can be readily obtained from
a single WAXS image in the special case of polymer samples with inherent cylindrical ro-
tational symmetry, otherwise known as ”fber symmetry”, In the literature, measurements
of this kind has historically been referred to as fber difraction [197].

5.1.1 Basic concepts and experimental confguration

As outlined in Chapter 1, a fraction of the incident X-ray plane waves propagating through
the polymer is difracted by periodic changes in the electron density. In WAXS, this
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Figure 5.1: |Illustration of the experimental geometry employed in WAXS with the
average scattering volume highlighted. (a) A regular sized beam probes a large part of the
fber in one measurement. (b) A microfocused beam probes a smaller sample volume, and
scattering images are obtained from multiple positions along the transverse fber direction
by scanning the sample with the beam.

periodicity stems from the adjacent crystalline planes. The typical transmission WAXS
geometry is sketched in Fig. 5.1. In this confguration, the point focused X-ray beam
impinges the fber sample perpendicular to fber axis. Beyond the fber sample, a 2D area
detector records the entire scattered signal in one frame. Just as in the case of GIWAXS
(Section 3.1), the 2D area detector captures a snapshot of the scattered X-rays, and the
angular resolution of the scattering signal depends on the beam size, the sample-to-detector
distance, and the pixel size. In a typical WAXS experiment, the X-ray beam size is on the
order of hundreds of micrometers, meaning that a large sample volume is illuminated at
one time (Fig. 5.1a). This is highly advantageous if the sample is spatially homogeneous,
since a larger number of crystallites are probed simultaneously and the intensity loss from
beam focusing is minimized.

Conversely, in samples where the microstructure is not homogeneous on the length scale
of the beam size, the microstructure determined from the volume-averaged scattering is
exactly that, that is an average of the microstructure in the probed volume. Loss of
information is therefore expected. Recent advances in synchrotron focusing optics (see
Section 1.3) have made high-brilliance micro- and nanofocused beams possible, greatly
enhancing the spatial resolution available in X-ray scattering experiments. Therefore, by
scanning the micro- or nanofocused X-ray beam across the transverse direction of the fber
(Fig. 5.1b), we can obtain profles of the microstructure as a function of the beam position.
However, simply scanning the beam across the fber will not provide information on the
true radially profled microstructure inside the sample, since the scattering patterns are
still volume-averaged along the longitudinal direction of the beam. We will discuss this
issue, and how to circumvent it, in Section 5.1.4.
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(a) Parallel orientation. (b) Perpendicular orientation. (c) Oblique orientation.

Figure 5.2: Illustration of various systems with fber symmetry. The individual structural
units (cylinders of alternating stacks) are cylindrically symmetric with respect to their own
symmetry axis (small arrows), while the orientation distribution of the structural units is
centered about the primary fber axis (large vertical arrow). Reproduced with permission
from [198]. Copyright 2010 Taylor & Francis.

5.1.2 Fiber symmetry

Fiber symmetry is defned as uniaxial or cylindrical symmetry [199]. As the naming
implies, fber symmetry is often observed in actual fbers (synthetic or natural), but it is
not limited to only these cases. In fact, many diferent systems exhibit fber symmetry, for
example organic thin-flms with random in-plane symmetry (Section 3.1.1). General for
systems with fber symmetry is that the scattering pattern remains unchanged when the
sample is rotated about the fber axis. Figure 5.2 shows schematics of various systems with
fber symmetry. In the fgure, the structural units (depicted as cylinders of alternating
stacks) are distributed in 3D space. If the orientation distribution of the structural units
is centered about the fber axis (large vertical arrow in Fig. 5.2), the system is fber
symmetric.

Moreover, if the individual structural units themselves exhibit cylindrical symmetry about
their own symmetry axis (depicted as small arrows for each cylinder in Figure 5.2), the
system is said to exhibit "simple fber symmetry”. This condition is fulflled in systems
where the scattering structures themselves naturally exhibit cylindrical symmetry (an
example hereof is the cylindrically symmetric shish-kebab superstructures discussed in
Section 4.3.1), or because of an actual rotational average, that is the scattering of the
average representative scattering structure is symmetrical [198]. The latter is often the case
in WAXS, where the individual crystallites themselves are not cylindrically symmetric, but
are randomly oriented in the plane perpendicular to the fber axis, and thus the recorded
scattering pattern is a rotational average. The ideas and relationships presented in the
following section is limited to the case of simple fber symmetry.

5.1.3 Determination of crystalline orientation

The orientation of crystallites inside a polymer sample is often of interest. The high-
strength of fbers made from UHMWPE is a direct consequence of the polymer chain
orientation, and thus being able to quantify the degree of orientation is important. The
strongest density fuctuations in the uniaxilly oriented polymer molecules are due to the
lateral packing of the extended structural units. In this case, the strongest scattering
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Figure 5.3: Spherical-trigonometric relationship between the scattering vector q, the
main fber axis, and the primary axis of the individual structural unit. Adapted with
permission from [198]. Copyright 2010 Taylor & Francis.

signal is usually located along the equatorial of the scattering pattern (assuming the
vertical arrangement of the fber seen in Fig. 5.1). For PE, the strongest scattering peak
originates from the (110)-plane of the orthorhombic unit cell (see Fig. 4.1), whose normal is
indeed perpendicular to the fber axis. Thus, in order to determine the orientation around
the fber axis, a relationship between the equatorial scattering arc of the (110)-planes and
the true orientation distribution needs to be established.

The following argument is based on the arguments and notations of Burger et al. [198],
but similar arguments are presented in the work of Lovell and Mitchel [200] and later in
Ref. [201].

If the structural units in Fig. 5.2 form an orientation angle  with respect to the fber
axis, the resulting orientation distribution of the structural units can be described as a
function of the angle g( ), also known as the orientation distribution function (ODF).
As a consequence of the simple fber symmetry in the system, the ODF is exclusively a
function of and the orientation in the system is fully described by g( ). Since g( ) is a
probability distribution, we normalize it choosing the following normalization
Z
g( )sin d =1: (5.1)
0

Now let us denote the intensity distribution of the individual structural units as 1(g; ),
and the intensity distribution of the entire ensemble of structural units as J(q; ). The
polar angles and ° denote the angle between the scattering vector and the main fber
axis, and the angle between the scattering vector and the primary axis of the structural
unit, respectively. They are illustrated in Fig. 5.3. For constant g, we introduce the
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shorthand notation J( ) and I( "). In order to calculate the intensity distribution J( ),
we need to average over the entire ensemble of 1( '), weighted by the ODF.

1 zZ, Z

— I( Hg( )sin d d : (5.2)
4 =0 =0

J()

From the trigonometric relationship in Fig. 5.3, we obtain

cos "=cos cos +sin sin cos ;

) ) (5.3)

coS =cos cos “+sin sin ‘cos :

By changing the variables of the integration from ( ; ) to ( % ) we obtain the Jacobian
[202, 203]
sin d d =sin 'd 'd (5.4)

and Eqg. (5.2) becomes
I( Hg( )d sin d’ (5.5)
0

where the integration kernel F is defned as

F(; =1 ROCE (5.6)

The kernel F can intuitively be understood as the function that transforms a narrow peak

(approximated by a -function) of 1( %) at a given angle ¢ into the peak profle of J( )
0

( 00) =D JI()=F(; o) (5.7)

sin

1% =

Now let us introduce the expansion of g into a series of Legendre polynomials P [203,
204]. Due to symmetry constraints, only the terms with m = 0 and even n survives. Thus

X
9( )= anPan(cos ); (5.8)
n=0
where the coelcient an, is given by
Z 1
an=(1+4n) g( )P2n(cos )sin d : (5.9
0

The kernel can now be written as [203, 204]

F(: 9= anPan(cos )Pan(cos ): (5.10)

n=0

From Egs. 5.2 and (5.9), we see that the Legendre polynomials are eigenfunctions to Eq.

5.5 7
/2 an
i Pon(cos HYF( ; Dsin 'd '= T 4nP2n(cos ): (5.11)
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The normalization of g requires ag = 1, and therefore the frst expansion coellcient of
interest is a;. This coe(Jcient is related to the the so-called Herman’s orientation parameter
P, as z ,
P, = 3co”  Lo(ysin d =2t (5.12)
0 2 5

The Herman’s orientation parameter is in many cases sullcient when it comes to describing
the orientation in fbers [162, 205, 206]. It takes on values between -0.5 and 1, where 0:5
represents the case of perfect perpendicular orientation to the fber axis, 0 represents the
isotropic case and 1 represents the case of perfect parallel orientation to the fber axis.
Higher order coeldcient are sometimes used to obtain a more complete description of the
ODF, and they are especially useful in systems with a very high degree of orientation
(P, 1) [201, 207]. Setting "= /2 in Eq. 5.10 we get

X pren)y

FC: /2= Annin

anP2n(cos ); (5.13)

n=0

which then leads us to the important relationship

— _ Pao

Pz; /2 = T: (514)
Thus, the Herman’s orientation parameter of the ODF can be extracted from the radial
broadening of an equatorial pea by multiplying by -2, if the approximation of simple fber
symmetry holds.

Furthermore, provided that the scattering peaks are narrow along the equatorial (i.e.
the crystallites are sulciently large and the system has suldcient long range order), the
intensity distribution J(q; %) can be factorized into

@ )/ H@F(; Y (5.15)

In this case, we can determine the Herman’s orientation parameter of the ODF from the
radial arc of the scattered intensity. This is done by numerical integration and normal-
ization [199]

R /2 »\1 2> H IR
— 0 J(go; )5(3cos 1)sin>d
P2 = r‘ /2 Ed H > £ .

o2 3(a0; *)sin *d

Equations (5.14) and (5.16) are used to determine the orientation of the PE crystallites
in Paper V.

(5.16)

5.1.4 On the issue of smearing

Spatially resolved X-ray scattering experiments of fbers, where the fber specimen is
scanned by a microfocused X-ray beam along the direction perpendicular to the fber
axis, are inherently afected by the issue of smearing. The scattering images collected by
these types of scans are not giving information on the true radially profled microstructure.
Rather, the represent a projection of the volume-averaged microstructure inside the fber
along the path of the X-ray beam. This situation is illustrated in Fig. 5.4.

If the X-ray beam is scanned along the y-dimension, the measured intensity can be thought
of as a projection of the irradiated volume onto the y-axis given by
Z . b
Toroj (0 Y) = (g, X2 +y?)dx; (5.17)
1
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Figure 5.4: lllustration of the X-ray beam’s path through the fber in the standard
geometry. The X-ray beam (dark lines) probes the entire longitudinal volume of the fber
during each measurement, and the resulting scattering is thus a projection onto the y-axis
(x is the integration variable). If the fber is cylindrically symmetric (a), then true radial
profles of the internal structure (white squares) can be obtained using the inverse Abel
transformation. If the fber is not cylindrically symmetric (b), the Abel transformation is
no longer valid.

where lyroj denotes the projected (measured) scattering intensity and | denotes the true
scattering intensity from a small voxel (on the order of the beam size) around the the
position (x;y). If the sample under consideration is fully cylindrically symmetric (see
Fig. 5.4a), and if the local structure everywhere inside the irradiated volume exhibits
simple fber symmetry (i.e. local fber symmetry), then the local scattering information
can be recovered using the inverse Abel transform [208, 209]. If Eq. (5.17) is rewritten as
a function of the radius r = x2 +y?

Z4
1(q; r)rdr
@) =2 " B (518)
y
then the inverse Abel transform is defned as

, ar rJrz_yzz (5.19)

I(ay) =

In principle, the Abel transform is a form of onion peeling [210], where the individual con-
tributions to the projected scattering images are slowly peeled of starting from the outer
shell. In practice, the solution to Eqg. (5.19) is often found using computational algorithms
such as the two-point or three-point Abel inversions [211], or by expanding the projec-
tion in a basis set of Gaussian functions (BASEX algorithm) [212]. The deconvolution
or desmearing of the scattering information is sometimes refereed to as one-dimensional
tomography [208, 211, 213]. However, these techniques are no longer applicable when the
fber sample is not cylindrically symmetric (see Fig. 5.4b), or when the local fber symme-
try is violated. Stribeck and co-workers eloquently describe the reconstruction artifacts
resulting from measurements of samples without local fber symmetry in Ref. [210]. In
Paper V, we attempted to desmear the WAXS data using both two-point Able inversion
and the BASEX algorithm, without success. This is not surprising considering the lack of
cylindrical symmetry of the fber cross-section.
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Other solutions to the smearing problem have been proposed in the literature. Roth
et al. [214] simulated the smeared intensity profles of single fbers of poly(p-phenylene
terephthalamide) (PPTA) using a three-layer model and a Monte Carlo approach. Davies
et al. [215] circumvented the problem of smearing altogether by employing a diferent
scattering geometry, where fber sections of 15 um length were prepared and irradiated
by an X-ray beam pointed parallel to the fber axis. However, the information in the
scattering patterns from these so-called on-axis experiments is limited by the conditions of
difractions in samples with fber symmetry [216], and the technique requires sophisticated
and destructive preparation of the fbers.

5.2 Small-angle X-ray scattering computed tomography

5.2.1 Small-angle X-ray scattering

In small-angle X-ray scattering (SAXS) measurements, the nanoscale structure of the
sample is investigated by measuring the scattering signal at small angles. The geometry
of a SAXS experiment is similar to WAXS but with a much larger sample-to-detector
distance (cf. Fig. 5.1). It is long range fuctuations in the electron density that give
rise to the scattering signal in SAXS. In two-phase systems with nanoscale structural
ordering, the diference in electron density between the two phases gives rise to scattering
patterns with peaks at g-values corresponding to the periodic distance between identical
domains. For example, in semicrystalline polymers the crystalline lamellae are contained in
an amorphous matrix, and the structural diferences give rise to variation in the electron
density between the two phases. Another example is thermoplastic elastomers, where
hard domains are contained in a soft matrix. Bulk polymer system rarely give rise to
more than two orders of refections due to the absence of long range order, and in many
cases, only one broad frst order peak is observed. This single peak is associated with
the so-called long period of the structure, that is the average period between identical
domains. In semicrystalline polymers, the long period equates to the average distance
between neighboring crystalline lamellae.

For isotropic systems, the dimensionality of the scattering patterns is often reduced by
azimuthal integration [199]. In the case of anisotropic systems, that is systems with some
degree of preferred orientation, it is common to extract and analyze intensity profles along
certain directions. For semicrystalline polymer systems, additional information can then
be obtained either by means of direct evaluation of the intensity profles using autocorre-
lation function analysis [199, 217, 218], or by ftting the data with an appropriate model.
For examples of models describing stacks of crystalline lamellae, see the works of Blundell
[219] or Ruland and Smarsly [220]. In some cases, the entire two-dimensional scattering
pattern can be analyzed, for example by means of multidimensional chord distribution
functions [221].

5.2.2 Tomography basics

SAXS measurements collected by a microfocused X-ray beam is subject to the same smear-
ing outlined for WAXS in Section 5.1.4. One way of desmearing the scattering images
and obtain fully localized information is to combine the SAXS with computed tomogra-
phy (CT) [12, 222]. By recording scattering patterns at many diferent angles of sample
rotation about it own axis, it is possible to reconstruct the local scattering cross-section
everywhere inside the sample, if the criteria of rotational invariance is fulflled (see Section
5.2.5). There are several advantages of using SAXS-CT to reconstruct the local scattering
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(@) Space!ldomain (b) Frequency!domain (c) Frequency!ldomain

Figure 5.5: (a) The Fourier Slice theorem, which relates the one-dimensional Fourier
transform of a projected object in the space domain to a radial slice of the two-dimensional
Fourier transform of the object in the frequency domain. (b) The two-dimensional Fourier
transform in the frequency domain is flled by collecting projections of the object at a
large number of angles. The dots represent the discrete points in the Fourier transform.
Drawn based on [223].

signal: The sample does not need to exhibit cylindrical symmetry, which a requirement
for the 1-dimensional tomographic reconstruction outlined in Section 5.1.4; The technique
does not require complicated or destructive preparation of the sample; The only additional
experimental requirement compared with translation mapping is the ability to rotate the
sample about its own axis.

Key to the concept of tomographic imaging is the Fourier Slice Theorem. The theorem
relates the projected data to the two-dimensional Fourier transform of the object’s cross-
section. In the following, a brief introduction to the Fourier Slice Theorem is given. The
arguments and notations follows those of Kak and Slaney [223].

Let us consider an object in real space with object function f describing its shape (see
Fig. 5.5a). The two-dimensional Fourier transform of the object function is defned as
Z417Z4
F(u;v) = FOy)exp( j2 (ux +vy))dxdy; (5.20)
1 1

where (u;v) is the coordinates in frequency space and (x;y) is the coordinates in real
space. The object function can be projected onto the r-axis (see Fig. 5.5a) by combining a
set of line integrals taken along parallel lines in the s-direction. We denote this projection,
taken at an angle , as P (r) and its Fourier transform as
Z4
S (w)= P (nNexp( j2 wr)dr: (5.21)
1

P (r) is known as the Radon transform of the object function f(x;y). In the simplest case
of =0, Eqg. (5.20) simplifes to
Z4 Z4
F(u;0) = T y)dy exp( j2 (ux))dx: (5.22)
1 1
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The term in brackets is the projection of the object function onto the x-axis, and thus we

obtain the simplest form of t?e Fourier Slice theorem
1
F(u;0) = P —o(X)exp( j2 (ux))dx =S —g(u): (5.23)
1

If the coordinate system of the projection (r;s) is rotated at an arbitrary angle , the
resulting Fourier transform of the projection is simply the two-dimensional Fourier trans-
form of the object along a line rotated by . This situation is illustrated in Fig. 5.5b. The
Fourier Slice Theorem then states that: ”the Fourier transform of a parallel projection of
an image f(x;y) taken at angle gives a slice of the two-dimensional transform, F (u;v),
subtending an angle with the u-axis” [223]. By recording projections at many diferent

angles, one can therefore reconstruct the entire two-dimensional Fourier transform of
the object (in frequency space). In principle, this then allows us to reconstruct the object
function (in real space) by mean of inverse Fourier transformation.

However, in practice, only a fnite number of projections can be recored and therefore only
a Tnite number of points in frequency are known. These lie along radial lines, as illustrated
in Fig. 5.5c. At the same time, the inverse Fourier transformation is often computed by
numerical measures. This typically involves dividing the frequency domains into a grid and
extrapolating the missing values from the radial points. Figure 5.5¢ implies that the error
due to extrapolation becomes greater, the further away from the center one gets, since the
point density is lower. One way of solving this problem is by using diferent reconstruction
technigues. The most commonly employed reconstruction technique is know as fltered
back projection (FBP).

In FBP, the algorithm takes the projection data and applies a weight in the frequency
domain (high frequencies are weighted higher to ensure even contribution). This is then
followed by a back-projection step, where each of the weighted projections are transformed
back into real-space by a 1-dimensional inverse Fourier transformation and smeared across
the image space (real space). The fnal reconstructed image is then obtained by summing
all the back-projected images. However, the work presented in Paper V does not rely on
FBP. Rather, we employ the simultaneous algebraic reconstruction technique outlined in
Section 5.2.6.

5.2.3 Experiement

The experimental setup of SAXS-CT is sketch in Fig. 5.6. The geometry is very similar
to that of transmissions WAXS, expect the sample-to-detector distance is much greater in
order to resolve smaller scattering angles. The laboratory coordinate system is given by
(Xiab; Yiab; Ziab), With Xjap located along the path of the primary X-ray beam, z,55 pointing
up, and yjap completing the right-handed coordinate system. The sample coordinate sys-
tem is defned by its axes (X;y;z), with the vertical axis z aligned parallel to the vertical
axis of the laboratory coordinate system. The angle denotes the rotation of (X;y;z)
with respect to (Xjab; Viab; Z1ab) around z. During the experiment, scattering patterns are
collected by scanning the sample through the X-ray beam along yjan. The beam size
ultimately determines the step size during the scan, and a more narrowly focused beam
(in the yjap-direction) therefore allows for smaller steps during scanning. This ultimately
determines the voxel size of the reconstruction. After scanning across the entire fber in
the transverse direction it is rotated by an increment  , and the steps are repeated until
the samples has undergone one half rotation of 180 .

In principle, the number of translational steps should be chosen in accordance with the
Nyquist-Shannon sampling theorem [223], which states that the signal must be sampled
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Detector

Samplelcoordinate!system

ylab

Figure 5.6: Experimental geometry of SAXS-CT experiments with corresponding co-
ordinate systems of the laboratory and sample frame of reference, respectively. A single
projection at rotation angle is measured by scanning the sample through the beam along
r.

with a frequency at least twice that of the highest frequency in the sample. For our setup,
this means that the translational step size should be at least half the lateral size of the
X-ray beam (which limits the resolution of the experiment). Then, in order to maintain
the spatial resolution given by the translational step size, the number of rotational steps
(i.e. projections) should be chosen to be Nproj = /2 the number of translational steps.
However, for very small beam sizes, this typically means that an unreasonable number of
projections must be measured. In practice, the number of acquired projections are often
much lower [224-226], and then counterbalanced by employing reconstruction algorithms
well suited for undersampled data. This greatly speeds up the acquisition process, as the
number of acquisitions scales with the number of translational steps N as N2,

5.2.4 Tomographic problem

The goal of SAXS-CT is to obtain the local scattering cross-section from every voxel inside
the sample. Schroer et al. [12] gives the SAXS pattern within the frst Born approximation
(i.e. multiple scattering event are not taken into account) as

z

lgWiab; ) =lo  F( ;Xiab; Yiab)Pg; (X;¥)9( ; Xiab; Yiab)dXiab; (5.24)

where lq(yiap; ) is the full SAX§ pattern as a function of q = (dy; q,) measured at point

Viabs ) FC 5 Xiab; Vian) = expf 1% [X(Xjap'; Yiab); Y (Xia?; Yiab)1dX},, g is the attenuation

of the incident X-ray beam in the sample with attenuation coellcient , g( ; Xiab; Yiab) =
expf ” X(X1ap®; Yiab); Y Kjape; y.ab)]dx‘,)abg is attenuation of the forward scattered beam,
and pq; (X;Yy) is the SAXS cross-section at sample position (x;y). Here it is assumed that
the incident beam and the forward scattered beam lie on the same path. This approxima-
tion is usually valid in small-angle scattering, where the scattering angles typically are so
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small, that the divergence of the scattered beam is negligible [222]. By combining f and
g they can be pulled out of the integral in Eq. (5.24) as

| :
q(y:jb) = Pg [X(Xiab: Yiab): Y (Xiab: Yiab)10Xab; (5.25)
where % is the transmission corrected intensity of the sample. Equation 5.25 is the
SAXS equivalent of the projection function P (r) introduced in Section 5.2.2).

5.2.5 Rotational invariance

The concept of rotational invariance in SAXS-CT is introduced in the work of Feldkamp
[227], and the arguments here follows those presented therein. The reconstruction of
the scattering cross-section given by Eqg. (5.25) is in general an ill-posed problem. The
left-hand side of the equation is a function of 4 variables (q = [dy; d]; Yiab; ), While the
right-hand side is a function of 5 variables (q = [0r; ] ;0z]; Viab; Xian)- Thus, to solve the
reconstruction problem of Eqg. (5.25), the number of variable on the right hand side must
be reduced, either by limiting the problem to a sub-set of the original problem, or by
invoking additional information about the sample.

In general, Eq. (5.25) can only solved for cases where the local scattering cross-section
Pg; (X;y) is independent of the sample rotation . If this is the case, the scattering vector
becomes a function of g, and g, only, and the radial component g, becomes equal to the
horizontal component qy. Equation (5.25) is now reduced to a function of 4 variables
on both sides, and the local scattering cross-section can be reconstructed. The local
scattering cross-section is said to be locally rationally invariant in this case. Another way
to understand the requirement of rotational invariance is to consider the small part of
the sample located at position (Xo;Yo) with local scattering cross-section pq; (Xo;Yo). If
we were to measure this part alone (i.e. by removing it physically from the rest of the
sample), the scattering pattern would have to remain unchanged under illumination from
all angles.

The trivial case is given for scattering along the vertical axis, that is, when the horizontal
component of the scattering vector is zero (qy, = 0). For this case, the scattering is limited
to a single point in reciprocal space, and is therefore independent of the rotation (i.e.
g = (0;9,) = (0;0;0,)), and Eq. (5.25) reduces to a function of three variables on both
sides.

A special case of rotational invariance is found in samples with additional local symmetry
about the rotational axis, such as local fber symmetry. In local fber symmetry, the
scattering pattern is per defnition unchanged under rotation about the fber axis.

In practice, the scattering is measured by a 2D detector, where every single pixel represents
a fxed point in g-space. Let us for for each pixel assign a value wq to the sum of all
intensities measured at this pixel during a single line scan as

3
Wq(dy; dz) = Iq(dy; dz; Yiab): (5.26)
Yiab=0

In order to reconstruct the full scattering pattern, this value must necessarily be constant
under rotation for each pixel - that is, the features of the corresponding sinogram can move
horizontally but are not lost (the sinogram is said to be well behaved). Thus, a pixel-wise
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rotational invariance check can be performed on a sample by calculating the ratio of the
standard deviation to the mean of wq over all rotations

(wefdy: D).
Wq(dy; dz)

It is important to note that rational invariance is independent of the macroscopic symmetry
of the sample, since the only requirement is local rotational invariance on the length scale
of the individual reconstructed segments. In practice, this typically means that the local
structure should be approximately homogeneous on the length scale of the beam size.

(5.27)

5.2.6 Reconstruction

The reconstruction of the SAXS pattern in Paper V was carried out using a simultaneous
algebraic reconstruction technique (SART) with total variation regularization (TV) on a
per pixel basis. The SART-TV reconstruction technique was chosen for its performance
in cases with strong undersampling of the data [225, 228]. A detailed description of the
SART-TV algorithm, and its implementation in the employed Matlab toolbox TIGRE,
can be found in the work of Biguri [229]. A condensed description follows below following
the notation of Biguri.

As the name implies, the SART-TV algorithm is an iterative algebraic reconstruction
algorithm, that solves the problem by iteratively comparing the reconstructed image with
the measured data. The reconstruction problem outlined in Section 5.2.2 can alternatively
be described by the linearized model

AX=b+"; (5.28)

where X is a vector representing the image (object function) in terms of voxels, b is a
vector representing the projection data, and A is a matrix describing the intersection of
X-rays and voxels in the image. Inevitable erroneous contributions to the image arising
from errors in measurement data or errors in the linearized model are contained in the "
term. The exact solution for x cannot be found since the system is underdetermined [229],
and the problem instead turns into a minimization problem as

R = argmin, kAx bk? + G(X); (5.29)

where G(x) describes an optional regularization function. In the SART-TV algorithm, G
corresponds to the total variation norm kxk;,, as

% = argmin kAx  bk? +  kxkqy (5.30)
If we consider the optimal condition of the minimization as

@ @

@ 2 ' -0
ox kAx  bk® + o kxkry, =0; (5.31)
then Eq. (5.30) can be split into two equations as
g kxk-, = ; 5.32
ox Xkry = (X 0); (5.32)
0 jax b2 = (x Q) (5.33)
@x ’

where we have introduced the intermediate image g and the constant > 0.
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Conceptually, the SART-TV algorithm can now be described as an iterative three step
process. In the frst step, Eq. (5.33) is solved for g using a SART algorithm. The SART
algorithm [230] works by creating a projection of the current image (forward projection),
comparing said projection with all the experimental X-ray projection data simultaneously,
and then systematically updating the image based on the diference (back projection).
This is repeated multiple times per iteration.

The second step then tries to fnd the image x with the minimum total variation subject
to having minimal deviation from the image g determined in step 1. In CT imaging,
the total variation norm describes the sum of the total change occurring in the image,
and regularization with the TV norm yields images that are piecewise smooth [229]. The
strength of the regularization can be controlled by the parameter , with higher values
restricting the image close the value of g.

Finally, the algorithm enforces positivity of the result by elevating any negative values
to 0. The entire iterative process is repeated until the reconstructed image satisfes the
convergence criteria, or the maximum number of iterations is reached.

In practice, the reconstruction is done on a per pixel level (with each pixel representing
a constant value in g-space). The individual reconstructions are then stitched together in
the end to form a complete scattering pattern. The details of this process is outlined in
the supplementary information of Paper V.
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Summary and Conclusions

In this thesis, we study the crystallization and (local) structure of two anisotropic soft
organic systems. In particular, we present results from two thiophene-based organic semi-
conductors in thin-fim confguration and high-strength polyethylene fbers fabricated by
gel-spinning. The results are presented in the back half of the thesis in the form of fve
self-contained papers. Several conclusions can be drawn based on our results and they are
presented below.

Conclusions on organic semiconductor thin flms

For NaT2, the packing structure was investigated in thin flms grown on monolayer
graphene. The molecules are found to adopt a face-on confguration, with their molecular
long-axis aligned parallel with the substrate plane. This confguration difers from their
more common edge-on confguration, where the molecules are standing near upright on
the substrate. Consequently, the monoclinic unit cell is oriented in one of two ways, with
the a-axis titled approximately 20 from the substrate plane in both cases, and the b-axis
lying either parallel to the substrate plane, or titled approximately 22 away from the
substrate plane. The face-on confguration of the molecules results in a 2.5 times increase
in the photoabsorption at the absorption maximum, which is located at approximately 350
nm. Moreover, the fm morphology is found to difer depending on the whether or not
the graphene surfaces contains polymer residue. On graphene surfaces with no polymer
residue, the NaT2 molecules grow as faceted crystalline grains with limited interconnec-
tivity. On the other hand, on graphene surfaces with polymer residue, the molecules grow
either as fber-like grains (with face-on oriented molecules) or as terraced islands (with
edge-on oriented molecules). Areas of the distinct morphologies are found to coexist in
the fim.

On device-relevant silicon dioxide substrates, NaT2 is found to follow Stranski-Krastanov
type growth. In this growth mode, two-dimensional layer-by-layer growth is followed by
three-dimensional island growth after reaching a threshold thickness. For the specifc con-
dition employed in our work, the threshold thickness is found to be at least two molecular
layers. The NaT2 unit cell undergoes collective in-plane changes ( 0:5%) within the frst
3 molecular layers, indicating surface-induced strain. The strain is fully relieved after the
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formation of the frst 3 molecular layers, approximately corresponding to the transition
from layer-by-layer to island growth. The in-plane changes to the unit cell is accompanied
by a compression of the out-of-plane a-axis, which asymptotically approaches the bulk
value.

NaT3 is found to crystallize in a monoclinic thin-fIlm phase on silicon dioxide with unit
cell parameters a = 25:7 A, b =5:87 A, c =8:03 A, and = 98:9 . The proposed unit
cell with 2 molecules difers signifcantly from the one reported for single crystals with six
molecules. GIWAXS patterns indicate a crystalline lattice with signifcantly more disorder
compared to NaT2, especially in the out-of-plane direction.

The growth of NaT3 on silicon dioxide substrates is likewise found to proceed via the
Stranski-Krastanov growth mode. The transition from layer-by-layer growth to island
growth happens at a fIm thickness of approximately 3 molecular layers. During the early-
stages of growth, the unit cell of NaT3 undergoes signifcant changes in both the in-plane
and out-of-plane dimensions (= 5%). Unlike the NaT2 flm, the surface-induced strain is
not fully relieved even after formation of 6 molecular layers.

Furthermore, the thin-flm structure and growth of NaT3 deposited on few-layer MoS;
was studied. On k-MoS,, where the MoS, layers are aligned parallel to the substrate
plane, the NaT3 molecules adopt a face-on confguration with (102)-texture, and a fim
of interconnected fber-like grains is formed via Volmer-Weber type growth. On the other
hand, on ?-MoS;, where the MoS; layers are aligned perpendicular to the substrate plane,
the molecules adopt edge-on orientation and form tall isolates pillars via Volmer-Weber
type growth.

The thin-flm microstructure of NaT3 is found to change in the proximity of bottom
contact gold electrodes in OFET devices. The is manifested by an increase in the out-
of-plane misorientation ( 15% increase in the angular FWHM) of the crystallites, and
a decrease in the in-plane crystallite size. Williamson-Hall analysis shows an increase in
the out-of-plane disorder of the flm in areas on top of the electrodes. On the other hand,
silver nanoparticles with a diameter of 30 nm are not found to afect the microstructure
of the NaT3 flm when incorporated into the OFET device structure.

Based on our results, we can draw some general conclusions for naphthyl end-capped
oligothiophenes.

Their molecular orientation in the thin-fm confguration can be controlled by employing
templating substrates, which can be rationalized by considering the molecule-substrate
interactions. On strongly interacting substrates, naphthyl end-capped oligothiophenes
tend to adopt a face-on confguration of the molecules, owing to the -conjugated nature
of the molecules. On weaker interacting substrates, such as oxides, naphthyl end-capped
oligothiophenes tend to a adopt edge-on confguration. In this scenario, the intermolecular
interactions are dominating. Moreover, small local perturbations to the surface landscape
can lead to signifcant changes in the flm morphology, as seen in the case of NaT2 grown
on monolayer graphene with small amounts of polymer residue.

On silicon dioxide, the growth of both NaT2 and NaT3 proceeds according to Stranski-
Krastanov type growth. The surface-induced strain is increased for the longer NaT3
molecules, and this may be a source of the increased fIm disorder observed for NaT3
compared to NaT2.
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Conclusions on UHMWPE fbers

Gel-spun fbers made from UHMWPE are known to exhibit structural inhomogeneities
in the radial direction of the fber. In order to quantify these local inhomogeneities, we
develop a methodological framework based on adaptations of previous X-ray and polarized
Raman spectroscopy techniques. By combining nanofocused WAXS, microfocused SAXS-
CT and polarized Raman spectroscopy, structural inhomogeneities can be discerned on
multiple length scales in UHMWPE fbers. This framework is immediately put to work to
study the skin-core structure of four individual UHMWPE flaments spun from spinnerets
with varied processing conditions.

The local orientation of PE crystallites can be described in terms of the hP,i orientation
parameter, which is calculated in a straightforward manner from the WAXS data owing
to the simple fber symmetry of the samples. The hP,i profles obtained from WAXS
shows skin-core structure in all of the studied flaments, with an increase in the crystallite
orientation in the skin region. The absolute values difer depending on the processing
conditions.

Laboratory polarized Raman spectroscopy can be used to discern skin-core structure in
the flaments with highest overall degree of orientation of the molecular bonds in the
crystalline phase. While WAXS provides the orientation of the crystalline lattice, Raman
spectroscopy probes the orientation on an even smaller length scale, that is, on the scale
of the molecular bonds. Our results show that frst indications of skin-core features in
UHMWPE fbers can be readily obtained from polarized Raman spectroscopy.

By reconstruction of the local SAXS patterns using microfocused SAXS-CT, detailed infor-
mation on the real-space morphology becomes available with a 1 pm spatial resolution
SAXS-CT is used to investigate the morphology of two out of the four flaments, with both
samples showing clear skin-core structure. The skin-core structure manifests itself by an
increased lamellar long-period and g, scattering intensity in the skin region. The thickness
of the skin layer can be directly estimated from the real-space maps of the morphological
features, providing a direct quantitative measure of the skin thickness in UHMWPE fbers
for the frst time.

From a material processing point of view, our results points towards the following trends:
The degree of orientation of the PE crystallites, expressed in terms of the hP,i orientation
parameter, is found to increase with drawn down ratio (keeping the quench temperature
constant), and decrease with an increase in quench temperature (keeping the draw down
ratio constant). These fndings can be rationalized in terms of the underlying physics
involved in the processing.

Outlook

It is abundantly clear that the structures and structure-property relationships in the two
types of organic molecules studied in this thesis are exceedingly complex by nature. The
results presented herein are by no means exhaustive, and should only be considered as a
small contribution to the vast amount of existing literature. Only by the combined eforts
from scientist and researchers across the world can a “complete” picture be obtained. With
this in mind, a few considerations for future studies are presented below.

Regarding naphthyl end-capped oligothiophenes, it is still unclear what leads to the in-
creased disorder observed in NaT3 thin-flms on silicon dioxide compared to NaT2. Our
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results point towards an increased substrate-induced strain in flms of NaT3, possibly
brought about by the diferences in molecule length. However, another possible source
for the increased disorder is the diference in symmetry between NaT2 and NaT3. This
was only briefy discussed in Paper Ill, but has been studied in more detail in Ref. [55].
The fndings in Ref. [55] suggest that the NaT3 thin-fIm structure incorporates a larger
number of fipped molecules compared with the NaT2 flm structure. In this context, a
fipped molecule means that one of the molecules in the unit cell is fipped 180 about its
long axis. It would be particularly interesting to perform similar structure and growth
studies of longer naphthyl end-capped oligothiophenes, such as NaT4 with four thiophene
rings in the core [53]. NaT4 has similar symmetry to NaT2, but with increased molecule
length. Structural comparisons between the NaT4 flms and NaT2/3 might then ofer
valuable insight into the origin of the increased disorder. Interestingly, NaT4 has been re-
ported to exhibit mobilities that are approximately a factor of 10 higher than NaT2/3 [53],
suggesting a less disordered flm structure. Alternatively, a better understanding of the
growth could be achieved by molecular dynamics or Monte Carlo simulations. However,
this requires the establishment of a complex model that takes all of the considerations
specifc to small organic molecules (see Section 2.5.3), including accurate description of
the molecular anisotropy. Consequently, parameters that are normally scalars for model
of atomistic growth, would need to be variables of the molecular orientation [231].

For OSC thin-flms in general, the microstructure will inevitably vary based on the local
surface landscape. This means that detailed studies on the structure-property relationship
in OSCs thin-flms cannot rely solely on single measurements of whole devices. Instead,
lateral variations in microstructure, for example in the proximity of contact electrodes,
should be considered. While this thesis is focused on a specifc family of small organic
molecules, the concepts and fndings presented in Paper IV are directly applicable to
other, more complex systems, such as polymers, blend-fIms, and organic-inorganic hybrid
materials.

Regarding the methodological framework presented in Paper V, several improvements
can be made. First of all, the tomographic reconstruction principles used to reconstruct
the local SAXS patterns can be generalized and used for WAXS data as well, provided
that the WAXS patterns exhibit rotational invariance. This will generally be the case
for fber-symmetric scattering patterns. Moreover, radiation damage of the samples is a
strong concern during the SAXS tomography experiment due to the prolonged exposure.
Improvements to the experimental protocol, such as cryo-cooling the sample or placing it
in vacuum, could potentially reduce the amount of radiation damage and allow for the
reconstruction of single slices.

From a material perspective, it would be particularly interesting to extend the local struc-
ture mapping of UHMWPE fbers to samples taken from diferent parts of the spinning
line. Of particular interest are highly drawn samples from later stages of the drawing
process, where the morphology consists primarily of PE chains with near full extension.
Information on the local structure of such highly drawn samples could provide valuable
insight into the evolution of the observed skin-core structure, and potentially reveal struc-
tural features that limits the mechanical performance of the fber. In turn, this could help
guide the design of improved and better performing fbers.
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This letter was published in the frst year of the PhD project and is based on experimental
data from two beamtimes at ESRF and PETRA Ill. The aim of the study was to investi-
gate the thin-flm structure of NaT3 in an OFET device with and without embedded silver
nanoparticles. The study builds upon previous work by Linnet et al. [57], in which they
show that the photoresponsivity of NaT3 based organic photo-transistors can be signif-
cantly enhanced by utilizing the plasmonic properties of embedded silver nanoparticles.
Here, we employ GIWAXS and GISAXS with a microfucsed X-ray beam, allowing us to
precisely determine the thin-flm microstructure in the area of the embedded nanoparti-
cles. Moreover, by utilizing the microbeam approach, we are able to successfully describe
the complex GISAXS scattering observed by isolating the contributions from each layer
of the device.
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Structural basis for a naphthyl end-capped oligothiophene with embedded
metallic nanoparticles for organic field-effect transistors
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We report on the apparent structure of 5,5%-bis(naphth-2-yl)-2,2%:5 2"-terthiophene (NaT3) in
organic field-effect transistors (OFETs) with and without embedded silver nanoparticles. Using
regular- and microbeam grazing incidence wide- and small-angle X-ray scattering, the device
structure is characterized locally in the area with the embedded particles. The NaT3 thin film
order is reduced and the found unitcell (a...25.7A,b...5.87A,c...8.03A,and b ... 98.9 ) differs
significantly from the one reported in the bulk, but shows no significant change, when the par-
ticles corresponding to the crystal size are incorporated into the device structure. At the same
time, the apparent thin film crystal sizes in OFETs are found to be similar with and without
the embedded particles. In both cases, the carrier mobilities are of the order of 10 *cm?/(Vs).

Published by AIP Publishing. https:/doi.org/10.1063/1.5080006

Organic field-effect transistors (OFETS) are subject to
interest for use in modern electronics due to their inexpen-
sive, low-temperature processing, low materials costs, and
application potential in, e.g., flexible electronics,* gas sen-
sors,? pressure sensors,® and optical sensors (organic photo-
transistors, OPTs).* Numerous studies have been carried out
on conjugated oligomers and polymers, whose properties can
be tuned through design and functionalization.>® Of particu-
lar interest are thiophene-based oligomers because of their
hole transport properties and stable device performance
under atmospheric conditions.”® By end-capping the thio-
phene rings with aryl groups, the polymerization potential is
hindered and intermolecular packing is promoted.®

We have recently shown that the photoresponsivity in
naphthyl end-capped oligothiophene based OPTs can be
enhanced by utilizing the plasmonic properties of embedded
metallic nanoparticles.’® However, while it is well known
that the carrier mobility is connected to the orientation and
crystal size of the organic molecules,***3 the literature of
structural evaluation of oligothiophenes in OFETs with
embedded metallic particles remains less comprehensive.

The molecular structure of organic thin film devices is
often evaluated by the use of grazing incidence X-ray scat-
tering.**~'® OFETs with embedded nanoparticle arrays are
prepared using electron-beam lithography, which does not
allow for a simple preparation of suitably large samples for
grazing-incidence studies. Therefore, it remains difficult to
probe the micrometer scaled areas of interest. Nevertheless,
recent advances in synchrotron radiation have made it possi-
ble to probe structures locally in devices using micro- and
nanobeams.*’

DE[ectronic mail: mathias.huss-hansen@fysik.dtu.dk
P)present address: Center for Nano Optics, University of Southern Denmark,
5230 Odense, Denmark.

0003-6951/2018/113(25)/251903/4/$30.00

113, 251903-1

In this letter, we use micro-focused X-rays to investigate
5,5%-bis(naphth-2-yl)-2,2":5°,2%-terthiophene  (NaT3) and
establish its structural fundamentals in OFETs with and
without embedded silver nanoparticles.

Figure 1(a) shows the chemical structure of NaT3. The
synthesis of NaT3 follows the Suzuki cross-coupling proto-
cols reported in Ref. 9.

FIG. 1. (a) Chemical structure of NaT3. (b) Illustration of the OFET design
with interdigitated gold drain (D) and source (S) electrodes. W and L are the
width and length of the transistor channels, respectively. The positions of
the I-beam corresponding to Figs. 3(a)-3(d) are indicated by wavy red lines.
Not drawn to scale. (c) Illustration of the employed GIWAXS/GISAXS
setup.

Published by AIP Publishing.
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Figure 1(b) shows the structure of the investigated OFETssurface normalzaxis). The GISAXS images were converted
fabricated by the following procedure, as described in R@f. to the q space usingFitGISAXS' The crystal grain-sizes
A highly n-doped Si substrate formed the back electrodevere analyzed using Scherrer grain-size analysis adapted for
with a 200 nm thick thermally grown SiQlayer as a gate grazing-incidence scattering with an area detetfdn this
dielectric. The interdigitated source and drain electrodegprocedure, the tangential full width half maximum (FWHM)
were fabricated by E-beam evaporation of 30 nm Au on topof the RSM peak intensities was btted with a Lorentzian dis-
of 3nm of Ti, structured by photolithography and lift-off in ace- tribution. By carrying out resolution analysis, the experimen-
tone. The transistor channel dimensions were 2mb@l m  tal contribution to the peak broadening (including smearing
(width  length) corresponding to a width/length (W/L) ratio from the beam divergence, energy bandwidth, and the bnite
of 200:1. Ag nanoparticles with diameters o0 nm were length of the beam footprint) was determined to be less than
subsequently patterned in a nominal square lattice (period0% of the total peak width and was therefore treated as
%2200 nm, corresponding to a surface coverage 8%0) on  negligible.
top of the gate dielectric and electrodes by E-beam lithogra- To obtain a qualitative understanding of the molecular
phy in poly(methyl methacrylate) (PMMA) followed by ther- packing inside the thin PIm unit cell, density functional the-
mal evaporation of 40 nm of Ag on top of 3nm Ti and lift-off ory (DFT) was employed using the GPAW pack&j@he A
in acetone. Finally, a 55nm thick NaT3 layer was deposited=orm packing reported in Re8 was used as a starting point
atop the substrate by vacuum sublimation. The bIm thicknestogether with the experimentally found unit cell, and the
was determined by atomic force microscopy (AFM). Eachatoms were allowed to relax until the atomic forces were
substrate contained two transistors: one with and one withoutelow 1 10 2eV/A. The Bayesian error estimation func-
nanoparticles. This allowed direct comparison to investigatdional? (BEEF-vdW) and projector-augmented wave poten-
the infuence of the nanoparticles on devices that had bedials were used, with a plane-wave cutoff of 700eV and a
processed in exactly the same manner. converged 1 6 4 Mockhorst-Pack grid.

Figure 1(c) illustrates the employed experimental setup. The electric characterization of the OFETs was per-
The devices were investigated by means of regular and micrdormed with a custom-built characterization set-up based on
beam [ -beam) grazing incidence X-ray scattering in wide- anda LabVIEW-controlled data acquisition card connected to
small-angle conbgurations (GIWAXS/GISAXS). The measurevoltage and current amplibPers, providing the input, and a
ments with a regular beam were carried out at XMaS (BM28) aprobe station measuring the output signal from the OFET.
the European Synchrotron Radiation Facility (ESRF), GrenobleThe gate voltage\(c) was swept from Q 15V with a
The X-ray energy was 10keV, and the beam size 180 constant drain-source voltayps¥ 15V.

260l m (vert. hor.). The angle of incidence was 0.17 Figure 2(a) shows a 2D GIWAXS pattern of the NaT3
slightly above the critical angle of NaT3 (0.)1 and the thin PIm from the OFET by a regular beam. The pattern
data were recorded using a MAR 165 CCD detector. The sanexhibits a series of vertically smeared peaks (Bragg rods)
ple-to-detector distance was 330 mm. Thdveam measure- originating from the mosaicity of the NaT3 crystallites, with
ments were carried out at the MicroFocus end station at théhe molecules standing nearly vertically on the substrate.
P03 beamline (MiNaXS) at PETRA Ill, Hamburg. The X-ray The smearing of the Bragg peaks along suggests that
energy was 13.19keV, and the beam size wdsm6 221 m NaT3 exhibits a higher degree of disorder along the stacking
(vert. hor.) at the sample. The employed incidence anglelirection perpendicular to the surface normal compared with
was 0.42. The GIWAXS and GISAXS images were recorded the closely related but symmetrical 8&s(naphth-2-yl)-
separately without moving the sample using Pilatus 300 K an@,2-bithiophene (NaT2), which shows equally resolved
Pilatus 1M detectors, respectively. The sample-to-detector diBragg peaks (rather than rods) in both directiénget the
tances were 220 mm for GIWAXS and 5 m for GISAXS, cali- pattern has a prominent similarity to what is reported for
brated by lanthanum hexaboride and silver behenate. 5-decyl-%9(naphthalen-2-yl)-2 5% 2%%erthiophene (D3TN)

The GIWAXS images were transformed to the recipro-in Ref. 23, which likewise contains three thiophene rings
cal space by reciprocal space mapping (RSM) using thevith one end-group replaced by an alkyl-group. The observed
Pygix python library and the Pber transformation originally Bragg peaks can be consistently indexed assuming a mono-
described by Stribeck® This transformation is valid since clinic unit cell with parametersa¥s25.7 b1/45.87AA
the bIm exhibits Pber texture in th&y plane around the c¢%8.034 andb ¥ 98.9 and volumeV¥:1.20 10* AS,

@ " () °8 (© 5
0.6 FIG. 2. GIWAXS pattern from (a)

1 entire OFET device and (b) area of
= = 04 OFET with embedded nanoparticles,
< < measured from the same sample. The
° ° Bragg peaks (and corresponding Miller

05 02 indices) originate from the Pber-
textured NaT3 PIm crystallites. (c)
0.0 Proposed NaT3 unit cell and molecular

packing in OFETSs.
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FIG. 3. GISAXS images from different areas of the OFET: (a) S0bstrate, (b) Au electrodes on $jdc) NaT3 atop the electrodes, and (d) and (e) Ag
nanoparticles embedded in NaT3 atop the electrodes [the corresponding positions-btta@ are indicated in Fid.(b)]. S indicates the position of the spec-

ular beamstop; Y indicates the Yoneda peaks of,%ifd NaT3. The red dots indicate the calculated positions of the reRections from the interdigitated electro-
des with a 10 m period.

Our unit cell choice follows the notation described in Ref. SiO, that appears at the critical angle of the mater&l ¥4
with (100)-texture and standing molecules (debned witls  0.146 for SiO,). On the image from the area with Au electro-
the long axis nearly along the backbone of the molecule)des on top of SiQ[Fig. 3(b)], multiple bright scattering peaks
The unit cell observed in our thin bPIm devices differs signib-are found along the specular roda, ¥4 0. These peaks are
cantly from the unit cell reported for bulk NaT3 in Re8.  consistent with the diffraction pattern from a 1D lateral grat-
The reported bulk unit cell has 6 molecules (and the volumeng formed by the Au electrodes, aligned perpendicular to the
3.44 10*A), compared t&Z %42 for the thin bIm case. This incoming beam. The same feature is present on the image
suggests that the long range order along the long axis ifom the area with NaT3 deposited on top of the electrodes
reduced for PIms. [Fig. 3(c)] with small modulations due to re3ection/refraction
Figure 2(b) shows a typical GIWAXS pattern from the effects in the thin PIm overlayer. The Yoneda peak for NaT3
area of the OFET with embedded particles measured by a (a. % 0.11) appears af, ¥4 0.61, just below the Yoneda peak
beam. The data are consistently indexed with the same undf SiO,. Furthermore, there is an increase in diffuse scattering
cell parameters, indicating that there are no signibPcanfrom the disorder of the thin bIm structure.
changes in the NaT3 unit cell with and without embedded par-  Figure 3(d) shows the image from the area with Ag par-
ticles. The proposed molecular packing is shown in B{g). ticles embedded in NaT3 on top of the interdigitated Au
Tablel compiles the determined crystal sizes for NaT3electrodes. The scattering intensity in the in-plapgdirec-
in devices with and without embedded particles. There argion is dominated by a series of sharp peaks that appear to be
no signibcant changes in the crystal sizes between these tveorrelated with the peaks found along the specular rod and
cases within the given error bounds (calculated as one stamre located on arcs extending fragg, ¥ 0. The high scatter-
dard deviation from the least squares bitting). Interestinglying order and sharpness of peaks found algggpoint to a
the typical crystal sizes of NaT3 in bPIms are on the saméhigh correlation between particles, and due to the large
order of magnitude as the nominal size of the embedded pafeotprint of the beam, it is inferred that the particles are well-
ticles. It is therefore likely that the particles are incorporatedaligned across the device. From the peak spacing, the average
into the mosaic crystal structure causing only local hindrancénterparticle distance can be derived @giricie ¥4 2p/D0yy,
to the molecular growth. The opposite could be the case ifeading to a distance of 182 nm. The peaks found along
the average crystallite size was much larger. the specular rod are spaced further apart than in Bigg.and
Figure 3 shows the GISAXS images from different areas 3(c) due to the electrode spacing being halved in the area,
of the device when the incident X-ray was perpendicular towhere the electrodes are interdigitated. The diffraction from a
the interdigitated electrodes, witl andqy, corresponding to  one-dimensional grating perpendicular to the incoming beam
the out-of-plane and in-plane wave vectors, respectively. Thean be written as
image from the bare SiOsubstrate [Fig.3(a)] features a
bright specular rod along, with the specular reRected beam cosd P  cosda bcos®hb 1/4”1<; (1)
covered by the beamstop (indicated with an S). The specular d
bearTl1 is located atl an exit angle equal to the incidence "’_mgl\?/hereai anda are the incidence and exit angles @ the
of g Va Q.42 . At g, %2 0.65, the obserqu honzonta} scattering in-plane scattering anglen is the order of diffractionk is
feature is the so-called Yoneda peak (indicated with a Y) from[he X-ray wavelength, andl is the grating period. The
observed scattering patterns correspond to the computed dif-

fraction peaks for a grating witd¥101 m [red dots in Fig.
3(e)]. Here, the diffraction patterns are shown for“tn 5 to

TABLE I. Crystal sizes of various crystallographic planes with their corre-
sponding Miller indices.

&11p a1ip (102) a12p 4 for 20 equally spaced values dfi ih the range 06 0.2 .
Sample (nm) (nm) (nm) (nm) Figure 4 shows the transfer curves of the OFET with
With nanoparticles 28 2 286 2 196 1 176 o and without embedded particles. Tlrlg saturation mobilities
Without nanoparticles 36 3 336 3 216 2 206 o are extracted from the slopes of the; ™ vs Vg curves (not

shown) in the high bias regime betwe¥g %2 10 and 15.
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particles. These results form a structural base for designing
peld-effect transistors with aryl end-capped oligothiophenes.
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In the second paper, we turn our attention towards NaT2 and investigate the growth of
the molecule on monolayer graphene flms. Graphene has shown promising potential as a
transparent electrode material in OPVs [233], and can be used as a templating material
for controlling the molecular orientation during growth (see e.g. Ref. [108]). This paper is
the culmination of joint experimental work with the group of Peter Sifalovic at the Slovak
Academy of Sciences.
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Figure S1. Linear regression lines against contact angle data according to Eg. 1 for (a) custom-

made graphene, (b) commercial graphene and (c) pristine SiOz.

Figure S2. AFM topographies of the CVD graphene surfaces. (a,b) Custom-made graphene.

(c,d) Commercial graphene.
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Table S1. Surface Roughness?

Surface Roughness Average Root Mean Square Peak-Peak (nm) Max Peak Height
(nm) (nm) (nm)
Custom-made 1.24 1.83 15.3 12.0

graphene film

Commercial 0.476 0.624 7.52 472

graphene film

a) Based on AFM data from a 2um by 2um area shown in Figure S1b,d

Figure S3. Absorption spectra of NaT2 on monolayer graphene (transferred to BK7 glass
substrate) and BK7 glass substrate. The absorption curves are normalized to the maximum of the

absorption peak.
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Figure S4. AFM topography of NaT2 (16 nm nominal thickness) on SiO2

Figure S5. Fourier transform of the AFM phase-image in Figure 3c showing the six-fold symmetry

of the NaT2 nanofibers.
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Figure S6. GIXRD pattern of NaT2 thin film deposited on Type | graphene. The diffraction peak
positions are calculated using the lattice parameters previously reported® for NaT2 on SiO2/Si (a

=20.31 A, b = 6.00, ¢ = 8.17 and
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Figure S7. Integrated intensity of the crystalline face-on B (111) reflection of NaT2 deposited on

custom-made graphene substrate.

Figure S8. Integrated intensity of the strong crystalline edge-on (100) reflection of NaT2 deposited

on custom-made graphene substrate.
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It is well known that the frst few layers are essential from optical and, if the device
electrodes are located in the plane, charge-transport point of view. The aim of this paper
is to investigate and compare the early-stage growth of the two chemically similar, yet
symmetrically diferent rigid-rod organic semiconductors. This is facilitates by the use of
in situ real-time GIWAXS measurements of the growth during vacuum deposition. The
high brilliance available at synchrotron allows us to probe the growth of the critical frst
few molecular layers, thus building upon the results presented in Paper I1. Moreover, since
the molecule-substrate interactions at the substrate interface are critically important to
the formation of the fnal fIlm structure, we present results from multiple substrate types.
This paper is the culmination of two joint beamtimes with the groups of Peter Sifalovic
(Slovak Academy of Sciences) and Frank Schreiber (Universy of Tubingen).
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Abstract

We report on the real-time structure formation and growth of two thiophene-based organic semi-
conductors, 5,5'- bis(haphth-2-yl)-2,2'-bi- and 5,5"-bis(haphth-2-yl)-2,2":5',2"-terthiophene (NaT2
and NaT3), studied in situ during vacuum deposition by grazing-incidence X-ray di raction and
supported by atomic force microscopy and photoabsorption gectroscopy measurements on corre-
sponding ex situ samples. On device-relevant silicon diogie substrates, Stranski-Krastanov growth
is observed for both molecules, where the growth transitioa from two-dimensional (2D) layer-by-
layer growth to 3-dimensional (3D) growth after the formation of a few-molecule-thick wetting
layer. The crystal structure of the NaT2 Im is considerably more ordered than the NaT3 counter-
part, and there is a signi cant collective change in the unit cell during the initial stage of growth,
indicating strain relief from substrate induced strain as the growth transitions from 2D to 3D.
In addition, the orientation of the Im molecules are controlled by employing substrates of hori-
zontally and vertically oriented few-layer molybdenum disul de. Both molecules form needle-like
crystals on horizontally oriented MoS, layers, while the NaT3 molecules form tall, isolated island
on vertically oriented MoS, layers. The molecules are standing on silicon dioxide and owerti-
cally oriented MoS, but lying at on horizontally oriented MoS ,. These results demonstrate the
importance of Im-substrate interactions on the thin- Im g rowth and microstructure formation in

naphthyl-terminated oligothiophenes.

I. INTRODUCTION

Organic semiconductors (OSCs) o er many possibilities as materials arganic electron-
ics, owing to their low-cost, large area processing techniques amdparticular, the ability to
tailor electronic- and charge transport properties using synthit procedures. Applications
include organic eld e ect transistors (OFETS) [1, 2], organic photweoltaics (OPVs) [3], or-
ganic light-emitting diodes (OLEDS) [4, 5], and OFET-based sensors, [6]. The electronic
and optical properties of the OSCs are directly in uenced by the miostructure within
the organic thin Ims [8{10], and solving the full complexity of the strwcture-function rela-

tionships remains an important goal in understanding OSC behaviotheir processing and

Author to whom correspondence should be addressed: mathias.ks-hansen@fysik.dtu.dk



NaT3

FIG. 1. Chemical structures of 5,5'-bis(naphth-2-yl)-2,2-bithiophene (NaT2) and 5,5"-bis(naphth-
2-yl)-2,2"5',2"-terthiophene (NaT3)

device physics. The device-relevant thin- Im morphology and micrasicture di er from
bulk, and factors such as molecular and macroscopic orientation [112], polymorphism
including surface-induced phases (SIPs) [13{15], non-equilibriumogvth conditions and in-
terfacial interactions all play important roles. Several methodsan be used to investigate
the structural properties of OSC Ims, including X-ray scatteringand near edge X-ray ab-
sorption ne structure technigues [16{18], in situ variations of thesof [19{22], uorescence
spectroscopy and microscopy [23], Raman spectroscopy [24], ait&pectroscopy [25], and
electron microscopy [26{28], to name a few.

Dinaphthyl terminated oligothiophenes are OSCs belonging to the ®@nsively studied
group of oligothiophenes [16, 18, 29], and have been shown to dispapd oxidative and
thermal stability, surpassing their alkyl-terminated counterpars. Figure 1 shows the chemi-
cal structure of NaTn [30] withn = 2; 3 representing the number of thiophene rings. The two
molecules represent two distinct anisotropic cases, with the shertthiophene dimer having
inversion symmetry with respect to its geometric center, while thehiophene trimer has
mirror symmetry about the centerline through the middle thiopheneing. Both compounds
were found to form monoclinic crystals in bulk with the molecules paciten the well-known
herringbone pattern [30], with NaT3 adopting a three-layer repeatlong the long axis, where
the molecule in the middle layer is tilted slightly di erent than the other two layers. We have
recently expanded pioneering single crystal studies of Tiaat al. [30] to the Im structure
and structure formation on various substrates. Molecular mech&s modeling on the two
systems in thin- Im con guration has revealed that the NaT3 form Ims with signi cantly
greater structural disorder than NaT2 [31], making the two moledas prime candidates for

further growth studies. In an earlier article, we reported on thealy stage growth of NaT2

3



on SiG, and on chemical vapor deposition (CVD)-grown graphene transé onto a Si/SiO,
substrate [32]. We found that the molecular orientation and growtlbehavior were di erent
in the two cases, but the employed experimental approach did notl@v for probing of the
critical rst few monolayers (MLs). These rst few layers are esntial from optical and, if
the device electrodes are located in the plane, charge-transppudint of view. The goal of
the present study is to shed light on the fundamental questions tfie growth within these
rst few layers.

In this paper we investigate the early stages of growth in NaT2 anddN'3 Ims and
demonstrate how this growth can be controlled by the surface int&ctions. Films of NaT2
and NaT3 were prepared by vacuum deposition onto silicon dioxide amhto oriented few-
layer molybdenum disul de (MoS) substrates. The Ims were studied by real-time in situ
grazing incidence X-ray di raction (GIXRD) experiments during thedeposition and comple-
mented by ex situ AFM and UV/Vis absorption experiments. Perfornng the experiments
in real-time and in vacuum conditions ensures no degradation of théms due to ambient
exposure, and allows us to capture transient structures. Moregr, results from many dif-
ferent Im thicknesses can be directly compared, since they are tained under absolutely
identical conditions and on the same substrate for a given depositiowhich is obviously
much more di cult for a series of individual Ims, considering that the exact conditions
will inevitably vary. By exploiting the interactions between -conjugated OSCs and distinct
substrates, we are able to preferentially align the molecular backiw® of our molecules with
respect to the surface, and identify distinct growth modes. This evk builds upon previ-
ous characterization studies of NaTn Ims [31{35], and provides indij into the growth of

small-molecule OSC thin Ims.

Il. EXPERIMENTAL

A. Materials and substrates

NaT2 and NaT3 molecules (see the chemical structures in Fig. 1) dse this study were
synthesized following the Suzuki cross-coupling approach repedtin Ref. [36]. The Mo$
layers were prepared by rapid sulfurization of Mo Ims on AIO; substrates, as described in

Ref. [37]. This technique produces crystalline Mg3ayers of high quality. Depending on the
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thickness of the initial Mo Im [38], the resulting MoS, layers are aligned either parallel to
the substrate plane (hereafter referred to dsMoS,), or perpendicular to the substrate plane
(hereafter referred to a® -MoS,). The resulting Im thicknesses of thek-MoS, and ? -MoS,
are 3 and 9 nm, respectively. Commercial Si substrates, with a ma oxide layer of 1.5 nm
thickness, were purchased from Silicon Materials (Germany) and BKglass substrates were
purchased from UniversityWafer (USA).

B. Grazing incidence X-ray scattering (GIXRD)

In situ GIXRD measurements were performed at the PETRA IlI mico- and nanofocus
X-ray scattering (P03) beamline [39], and at the SOLEIL Surface(sand Interface(s) X-
ray Scattering (SIXS) beamline. NaTn Ims were deposited by vacuua sublimation in a
custom-built vacuum chamber (base pressure of 40 8 mbar) equipped with a cylindrical
beryllium window, allowing the incoming and outgoing X-rays to penetta similar to Ref.
[40]. The molecules were evaporated onto the substrate from a Kisen evaporation cell,
and the Im thickness was monitored by a quartz crystal microbalace (QCM) inside the
deposition chamber. Prior to deposition, the substrates were aealed at 573 K in order to
desorb any impurities and residual contamination. NaTn was deposid onto the substrate
(temperature 323 K) at typical evaporation temperatures of 46 K (NaT2) and 508 K
(NaT3), corresponding to rates of 0.03/s as monitored by the QCM. 2D GIXRD images
were recorded every 20 s with an attenuated beam to prevent ¥y induced damage of
the Ims. The lack of beam damage was veri ed by comparing images dms exposed
to prolonged illumination with unexposed Ims. The X-ray beam energwas 11.6 keV at
PETRA Il and 12 keV at SOLEIL. The incidence angle was kept betwen the critical angle
of the Ims and the critical angle of the substrate, typically 0.17. Scattering images were
collected using a Pilatus 300K detector (PETRA I1l) and a Si-XPAD3 etector (SOLEIL),
with a sample-to-detector distance (SDD) of 149 mm and 218 mm,sqectively.

Ex situ GIXRD measurements were performed at the PETRA Il PO®eamline with an
X-ray energy of 12.98 keV and an incidence angle of 0.11mages were collected using a
LAMBDA detector at a SDD of 159 mm. Data reduction was performain DAWN [41], with
additional analysis performed using self-programmed MATLAB scrip. The X-ray data was

normalized to the incoming beam intensity and corrected for standé geometrical contri-
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butions. The peak positions were determined by tting linecuts of tk reciprocal space map
(RSM) by Gaussian or Lorentzian functions depending on the peakape. The integrated
peak intensity was determined as the area under the peak minus tleeal background. The
in-plane and out-of-plane unit cell parameters were determinedpsgately by weighted least
squares minimization of the di erence between experimental andlcalated q,, and g, posi-
tions of selected Bragg peaks. For the full set of equations, pleasee the work of Merlet al.
[42]. The reported single crystal structure was used as a startipgint for the minimization
[30]. In the employed experimental geometry, we are essentially skgion-limited due to
the width of the beam footprint on the sample [43]. We will thereforeeafrain from doing

Scherrer-type grain-size analysis on the data.

C. Atomic force microscopy (AFM) and UV/Vis absorption spectroscopy

Thin Ims for ex situ characterization were prepared in the same marer as the in situ
samples described above with constant evaporation rates of 0.88. The evaporation
source shutter was closed once the desired thickness was redchs determined by QCM
readings. Samples on di erent substrate types were prepared siltaneously, resulting in
identical nominal Im thicknesses. AFM images were collected in ambitnonditions imme-
diately upon removing the samples from vacuum using a Veeco DimemsR®100 operated in
tapping mode. Image software Gwyddion was used to atten and alyze the images [44].
UV/Vis absorption spectra were measured using a Shimadzu UV-2¥8pectrometer with an
integrating sphere ad-on. The absorption curves of the clean sitates were measured sep-
arately prior to the thin Im deposition and later subtracted from the thin Im absorption

spectra.

I1l.  RESULTS AND DISCUSSION
A. Grazing incidence di raction

GIXRD studies of the nal Ims were performed to characterize tte crystalline structure.
The Ims were deposited onto Si substrates with a native oxide layeand onto few-layer
MoS, surfaces, with the layers oriented either horizontally k) or vertically (?) on the

underlying Al,O5 substrates. We expect the orientation of the Moslayers to in uence the
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molecular orientation of the NaTn Ims, as has been previously showior diindenoperylene
(DIP) molecules [37]. Onk-MoS,, we expect strong interaction between the molecules and
the surface through and CH- interactions. On the other hand,? -MoS, layers exhibit

a large amount of dangling bonds that are readily oxidized [45]. As a s the oxidized
surface of the? -MoS, is expected to interact weakly with the Im molecules.

Figure 2 shows the reciprocal space maps (RSMs) of the nal Imghickness varying
from 15 to 30 nm). The data in Fig. 2a shows that the shorter NaT2 oiecule form highly
ordered crystals on silicon dioxide, as indicated by the apparent sipmess of the Bragg
re ections. Identical scattering patterns were observed irr@ective of the sample rotation
around the surface normal, indicating isotropic orientation of the wsaic crystallites in the
surface plane, also known as ber-texture. All the Bragg re edbns were successfully indexed
with a monoclinic unit cell, and by minimizing the di erence between expémental and
calculated peak positions of the 14 most intense Bragg peaks, thétitae parameters were
determined to bea=20:2 0:2A,b=6:0 02A,c=8:3 01lAand =972 02. The
NaT2 molecules are oriented edge-on, which is con rmed by the 100raction peak located
perpendicular to the substrate at, = 0:3A . Re ections alonggy, =0 A *are in principle
inaccessible in GIXRD due to the curvature of the Ewald sphere. Nextheless, their tails
are still observed due to broadening of the orientation distributiorof the crystallites.

By contrast, the RSM of the NaT3 Im (Fig. 2b) is distinctly di erent w ith broad re ec-
tions atgy = 1:33A *andgy = 1:55A 1. Afull re nement of the lattice parameters is not
possible from these data. However, we have previously shown titaeé NaT3 Ims likewise
form monoclinic crystals on silicon dioxide [46], with similar in-plane lattice grameters to
NaT2 and a longera-axis to accommodate the longer NaT3 molecule. The broadening of
the re ections along g, indicates a signi cant disorder in the out-of-plane structure, whie
we have previously speculated is due to a SIP with a large number of ppd molecules [31].
Several orders of theh0O re ections alongg, =0 A * conrm the edge-on orientation of
the molecules.

The RSM of the NaT3 Im deposited on few-layerk-MoS, (Fig. 2c) shows that the
molecules are oriented face-on, which is expected considering ttrersy substrate-molecule
interactions at the interface. This is exempli ed by the 100 re ectim pointing close to par-
allel to the g, direction. Considering the 102 re ection pointing alongy,, we are able to

successfully identify all four visible re ections with a monoclinic unit ck In this con gura-
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tion, the (102) planes lie parallel to the substrate surface, as indited on the packing motif
in Fig. 2c. The Im crystals exhibit a considerable degree of order, a@ndicated by the
relative sharpness of the 111 re ection. At, =1 A 1, an intense re ection originating from
the (002) planes of Mo$is visible, verifying the horizontal orientation of the Mo$S layers
relative to the Al,O; substrate. NaT2 molecules deposited on few-lay&MoS, likewise
adopt face-on orientation (see Fig. S1 in [47]).

The RSM of the NaT3 Im prepared on few-layer? -MoS, (Fig. 2d) also showh0O re ec-
tions consistent with edge-on oriented molecules, but unlike the N&TIm on silicon dioxide,
the re ections along the in-plane direction appear as rods emanagrirom g, = 0. Together,
these observations suggest a crystal structure where the N&imolecules have strong ordering
along the stacking é-axis) direction, but have little to no ordering between the crystallies
in the plane. The broadening of thén0O0 re ections indicates a large distribution in the tilts

of long molecular axes with respect to the surface normal.

B. Real-time grazing-incidence di raction

We performed in situ GIXRD measurements of the NaT2 and NaT3 Imgluring the
deposition process in order to follow and characterize the crystagi@phic structure of the
thin Im during growth. Figure 3a shows the unit cell parameters of he NaT2 Im on silicon
dioxide with increasing nominal Im thickness, which determined by time deposition rate.
The unit cell parameters are determined from the peak positions tfe 100, 111, 102 and
202 re ections. The unit cell changes signi cantly within the rst 4-6 nm, corresponding
approximately to 2-3 MLs, both in the plane b and c-axis) and out-of-plane &-axis). We
attribute the changes in the in-plane lattice dimensions to strain relférom surface induced
strain. After approximately 6 nm, the in-plane lattice parameters emain almost unchanged
for larger thicknesses of the Im, indicating that the surface indued strain is fully relieved
after 3 MLs. On the other hand, thea-axis continues to compress throughout the entire
deposition. The a-axis compression is most pronounced within the rst 2 MLs, and is
accompanied by a 2 shift in the unit cell tilt. After 2 MLs, the a-axis compression and
change in slow down but continue until the nal thickness of 22 nm is reached.We
attribute the a-axis compression and change in to reorganization of the molecules inside

the unit cell. The change in unit cell volume is shown in Fig. 3b, revealingha8% decrease
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(b) Unit cell volume and integrated scattering intensity fr om the 111 re ection. The dashed line
indicates the approximate seperation between regions ofriear growth with di erent scaling factors.

Solid lines are guides for the eye only.

in between the initial ML and the nal Im.

The integrated scattering intensity of the 111 re ection is plottedin Figure 3b. For
perfect epitaxial layer-by-layer growth [48], the integrated sc&ring intensity of a Bragg
re ection is expected to scale linearly with Im thickness. In the cas®f NaT2 on silicon
dioxide, we can distinguish two region based on the slope of curve) &arly-stage growth,
from 0 to 5 nm, and (2) late-stage growth, which comprises evehyhg above 5 nm. In both
regions, the integrated scattering intensity is found to scale appximately linearly with
the Im thickness, albeit with di erent scaling factors. We speculatethat this is caused

by the Im molecules undergoing a restructuring and/or reorderingn the transition from
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early-stage to late-stage growth. This change in molecular confeation and/or orientation
changes the Ims structure factor, which results in di erent eleaton densities, and therefore
scattering intensities, of di erent layers. There is no evidence ofgak splitting in the Bragg
re ections, indicating that the structure changes as a whole andat just with the formation
of a new layer. This picture is consistent with the observed changetime unit cell within the
rst few MLs. A similar change in the electron density within the rst MLs was observed

for DIP grown on silicon dioxide by Kowariket al. [49].

Figure 4 shows RSMs of NaT2 on silicon dioxide measured by ex situ GIRRcorrespond-
ing to 4 nm and 11 nm nominal Im thickness, and thus the situation frm the separate
growth domains identi ed in Fig. 3b. Ex situ GIXRD measurements allow for longer ex-
posure times and ne tuning of the incidence angle, resulting in higheaignal to noise ratio
of the RSMs. The 4 nm thick sample, corresponding nominally to 2 MLshows Bragg
peaks elongated along, and virtually no h0O re ections, indicative of limited out-of-plane

order (often seen in liquid-crystal like Ims). In comparison, the 11im thick sample, corre-
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sponding to 5 nominal layers, shows many more re ections (includirggeveral order oh00
re ections) pointing to a full 3-dimensional (3D) crystal. The resits imply a transition
from predominantly two-dimensional (2D) crystals with little out-of-plane order, to fully
3D crystals with high in-plane and out-of-plane order. This transitin coincides with the
transition from early-stage growth to late-stage growth on Fig.I8 Yet, we emphasize that
the experiment is not identical to the above-described in situ GIXRDneasurements, and

that the Ims have been exposed to ambient conditions prior to measements.

For the NaT3 Im deposited on silicon dioxide, it is not possible to re ne he full unit
cell from the RSM, but we can still identify the essential structurbcharacteristics with
increasing Im thickness. Figure 5a shows the time evolution of the (D) and (h11) d-
spacings, measured along the substrate normal and substratarne, respectively. The values
are calculated from 2=q, whereq is the peak position of the 200 an¢h11 re ections on the
RSM. The shaded area indicates the cut-o before which peak ttig is impossible due to
overlap between the (200) re ection and the o -specular di use sattering from the surface.
Once again we observe a signi cant compression of the out-of-ptlaoomponent of the unit
cell, with the value seemingly starting to plateau after 5 MLs. Thel{11) dimension of the
unit cell expands by almost 0.1Awithin the rst 2 nm, after which it continues to expand
at a relatively constant albeit slower rate until the nal Im thickness is reached. These
ndings point towards a greater surface induced strain in the NaT3ms, as compared with

the shorter molecule NaT2 Ims.

Figure 5b shows the integrated scattering intensity of thll11 re ection together with the
0 -specular di use scattering from the area just above the beastop on the RSM. From the
gure, it is evident that the integrated scattering intensity increases linearly with the Im
thickness, in contrast to the NaT2 Im, where two di erent regionscould be identi ed. The
0 -specular di use scattering, which is known to be caused by swate roughness [50], can
be used to gain information about the Im growth. For perfect layetby-layer growth, the
0 -specular di use scattering is expected to oscillate with a periodfdl ML. As the rst layer
starts to form on the surface, the surface roughness and teéore the intensity of the di use
scattering will rise due to the formation of islands. The surface r@hness (and therefore the
di use scattering) will reach its maximum at around 0.5 ML, correspoding to half surface
coverage. As the islands starts to coalesce, the surface rouggsand di use scattering will

start to decrease, reaching a minimum at exactly 1 ML (perfectly sooth Im with complete
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surface coverage). The same pattern would be expected for tftgmation of the second
layer and third layer etc., manifesting as oscillations in the di usely satered intensity with
matching amplitude and a periodicity of 1 ML. An example of these oscilians in the
di usely scattered intensity in layer-by-layer growth of the isotrgic fullerene C60 can be
found in the work of Bommelet al. [51]. The di use scattering intensity on Fig. 5b does not
follow the pattern expected for perfect layer-by-layer growthinstead, the period is slightly
larger than 1 ML (1.2 ML) for the rst oscillation, and the amplitude is seemingly damped
with each subsequent oscillation. The attenuation of the di use stizring and the oscillation
period not exactly matching 1 ML points towards imperfect layer-byayer growth of the
NaT3 Im. Similar ndings for the o -specular di use scattering inten sity was reported
for imperfect layer-by-layer growth of ;! -hexyl-distyryl thieno thiophene (DH-DSTT) [52],
which by nature is closer to our system than the fullerene C60 modgystem. The lack of
oscillations after 3 ML in the di use scattering intensity suggest thathe growth has fully

transitioned from imperfect layer-by-layer growth to 3D island graith (vide infra).

Finally, we consider the case of NaT3 Ims deposited on oriented MgSurfaces. Figure
6 shows the lattice spacings as a function of nominal Im thickness (i.eneasured by the
QCM) for NaT3 deposited on bothk-MoS, and ? -MoS,. For the NaT3 Im deposited on? -
MoS,, the compression of the (100) d-spacing is similar to the observedtiern for NaT3 on
silicon dioxide, while the f11) d-spacing is approximately 3% larger at a Im thickness of 0.9
nm (4.69 Acompared to 4.55A0n silicon dioxide). This could be an indications of a slightly
better lattice match between the NaT3 thin Im and the MoS,. An increase in the fi11)
direction of the lattice is also observed on the -MoS, with increasing Im thickness, reaching
a nal value of 4.81 Aat 15.3 nm. As previously shown, the NaT3 molecules deposited on
k-MoS, adopt face-on con guration. The crystalline face-on phase is sigrantly larger
than the crystalline edge-on phase found growing dh-MoS,, clearly evident by the larger
(100) and (11) d-spacings shown in Fig. 6. For NaT3 deposited daMosS,, the (100) d-
spacing rst expands slightly and, after certain Im thickness is reahed, starts to compress
at a slower albeit constant rate. A similar evolution of the (100) lattie plane spacing
was observed for the thiophene-based molecule 1-[5-(2-naplitR;2-bithiophen-5-yllhexan-
1-one (NCOH) [53]. The H11) d-spacing exhibits the opposite behavior, rst undergoing
a small compression followed by a slow expansion. Thé&l integrated scattering intensity

increases linearly with the nominal Im thickness for NaT3 depositedro? -MoS,, For the
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NaT3 Im deposited on k-MoS,, the integrated scattering intensity of thehll re ection
scales non-linearly with e ective Im thickness.

C. Atomic force microscopy

To characterize the surface morphologies of the thin Ims, we useek situ AFM on
samples at various stages of Im growth. We prepared vacuum degited Ims with nominal
thicknesses of 2.0 nm, 4.8 nm, and 14.9 nm, respectively, by closing tteposition shutter
at corresponding readings of the QCM. Figure 7 shows the AFM rdtifor NaT3 Ims
deposited on all three types of substrates. On silicon dioxide (Fig.a)f the sample with

a nominal Im thickness of 2.0 nm, corresponding to 0.8 MLs, displays morphology of
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FIG. 7. AFM images of vacuum deposited NaT3 Ims with dierent nominal thicknesses, as

determined by corresponding QCM readings, on silicon dioxe (a-c), k-MoS, (d-f) and ?-MoS,

(g-).

connected islands that form a near complete ML. A few islands are s#yved on top of the
rst ML, indicating the nucleation of the second and third layer. Thesecond image (Fig.
7b), corresponding to the sample with a nominal Im thickness of 4.8m, shows a completed
rst layer with taller islands on top that range in height from 2.5 nm (1 ML) to 15 nm (6

ML). The nal sample (Fig. 7c) displays a Im morphology comprised ofepeated 3D island

formations, with individual islands exceeding 25 nm in height. Figure SR [47] shows the
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corresponding height distributions of the AFM data, where clearlyidtinguishable peaks can
be identi ed and attributed to the silicon dioxide substrate, and the rst and second ML of
the NaT3 Im, respectively. The NaT2 Im on silicon dioxide follows a similarmorphological
progression (see Fig. S3 in [47]).

The AFM images of samples with NaT3 deposited ok-MoS, (Figs. 7d-f) show that the
NaT3 molecules form thin needle-like crystals with height up to 60 nm. The surface cov-
erage of the needle-like crystals increases with increasing nominiah thickness, progressing
from isolated needles at 2.0 nm to a network of interconnect cryssaat 14.9 nm. However,
the maximum height of the needles does not appear to change withieased Im coverage.
The Im morphology of NaT2 on k-MoS, is shown on Fig. S4 in [47].

Lastly, the AFM image sequence of NaT3 deposited dh-MoS, (Figs. 7g-i) reveals that
the NaT3 molecules form tall, isolated islands on the -MoS, surface. From the image of the
rst sample (Fig. 7g), with a nominal Im thickness of 2 nm, it is evidentthat the islands are
comprised of tall pillar formations, some of which exceeds 60 nm in HeigFrom Figs 7h and
7i, it appears that the number of islands is increasing with the amoumf material deposited
on the substrate, while the individual island morphology remains uneimged. The surface

coverage is mostly incomplete for all three samples.

D. UV-Vis absorption spectroscopy

Figure 8 shows the UV-Vis absorption spectra measured for NaT8ns of di erent thick-
nesses deposited ok-MoS,. Corresponding data for NaT3 on BK7 optical glass are pre-
sented for comparison. These cases represent the face-on ah @dge-on con gurations of
the NaT3 molecules, respectively. The absorption of the pure NaTBn was obtained by
separately measuring and subtracting the substrate absorptiaurve. The spectra prior to
the background subtraction are shown on Fig. S5 in [47]. The UV-Visath shows an appar-
ent increase of the absorbance with increasing Im thickness for thoface-on and edge-on
oriented NaT3 molecules, with the absorbance being signi cantly higih for the face-on ori-
ented molecules at the same nominal Im thickness. This is expectesince the transition
dipole moment of NaT3 is aligned parallel to its molecular long axis. In the experimerita
con guration, the incident light is perpendicular to the surface, whle the electric eld E

is within the surface plane. Thus the absorption is maximized when and E are aligned

17



Energy (eV)

4 35 3 2.5 2
0.12 —14.9nm| |
— 4.8 nm
— 2.0 nm
0.08 |+ i
0.04

NaT3 on !-MoS,

Absorbance

NaT3 on BK7 glass

f

500 600 700 800

Wavelength (nm)

300 400

FIG. 8. UV-Vis absorption spectra of NaT3 Ims with di erent n  ominal Im thicknesses deposited
on k-MoS, and BK7 optical glass, corresponding the face-on and edgeaanolecular con guration,

respectively.

[54], which is the case for the face-on oriented molecules. Similar teswere obtained for
diindenoperylene (DIP) molecules ok-MoS, [37], and for other small molecules in face-on
con gurations [55, 56].

The absorption spectra of the face-on oriented molecules exhibgkear maxima at 364-
358 nm, corresponding to the transition, in order of increasing Im thickness. A
blueshift of the absorption maximum is observed, which is most proment from 2 nm to
4.8 nm nominal Im thickness. We suspect that the blueshift of the adorption maximum
is caused by a change in the molecular conformation, especially coesidg the change
in the lattice a-parameter within the rst few deposited layers (Fig. 6). This resli is
interesting, since one would expect the absorption peak to be rédted with increased Im
thickness due to dielectric screening e ects with increasing numbef molecular neighbors
[57, 58]. In comparison, the absorption maximum of the edge-on oried molecules is at

350 nm. Again, we attribute the shift in transition energy betweentte two con gurations
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edge-on oriented molecules and Volmer-Weber type growth.

to changes in the molecular conformation. We point out that the alegption spectrum in
the edge-on con guration is mostly in agreement with previous repis, with a slight shift
of the absorption maximum [30]. We speculate that this due to slight emges in molecular

conformation in the very thin Ims measured here.

E. Growth discussion

From the real-time GIXRD data and the ex situ AFM images, we can infecertain
characteristics of the thin Im growth. Figure 9a illustrates the sugested growth of NaT2
and NaT3 on silicon dioxide. The two molecules grow in a similar way with avienotable
di erences. Both Ims form crystals with edge-on oriented molecute but the NaT2 Im is
more ordered than the NaT3 counterpart. The surface morphaly indicates that the NaT2
molecules initially forms a ML that wets the substrate, and that this wetting layer is not fully
completed before nucleation of the second ML begins. The secomul @hird MLs are then

formed by epitaxial growth, and once again the third layer nucleatebefore the completion
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of the second layer. The imperfect layer-by-layer growth obsed in the rst 2-3 MLs is
then followed by a transition to 3D island growth. This behavior is typial for Stranski-
Krastanov (SK) growth, where 2D layer-by-layer growth of a weing layer is followed by
3D-growth at a system-dependent threshold thickness. Moresy the GIXRD measurements
indicate that the unit cell structure of the rst few layers undergpes a collective change, with
further indications that the molecules inside the unit cell undergoes restructuring and/or
reordering.

The picture is very similar for NaT3 grown on silicon dioxide. The o -speular di use
scattering and the surface morphology both indicate that the rsML is formed by imperfect
layer-by-layer growth, i.e. the onset of the second layer nucleati@ccurs before the comple-
tions of the rst layer. Furthermore, the observed morphology idicates that the molecules
start to form 3D islands already on top of the rst ML, suggesting hat the substrate-wetting
layer has a thickness of 1 ML, while the oscillations of the di use scatting intensity indi-
cate that at least 2 MLs are formed by imperfect layer-by-layer gwth before the growth
has fully transitioned to 3D islands growth. We speculate that the depancy between
these two results might be due to the real-time GIXRD measuremenbetter capturing the
kinetics of the growth, and e ects such as post-growth dewettgi[23, 25, 59] are evidently
not seen.

SK-growth is often observed in other systems of rod-like small-moides, including other
molecules from the family of oligothiophenes such asSexithiophene (-6T) [22], which
has been shown to form a 2 ML thick substrate-wetting layer on glassubstrates before
3D-growth sets in. In comparison, DIP on silicon dioxide exhibits laydoy-layer growth for
seven monolayers before 3D-growth sets in [19]. The transition fmo2D to 3D growth in
DIP (also referred to as rapid roughening) has been attributed tepatial inhomogenetities,
that arise at the boundaries between coalesced islands in the rstlMdue to di erent in-
plane orientation of the molecular tilt vector [60]. Furthermore, thetransition from 2D
to 3D-growth is temperature dependent, as demonstrated fohé model system 34, 9; 10-
perylene-tetracarboxylic dianhydride (PTCDA) in the work of Krauseet al. [61].

Figure 9D illustrates the growth of NaT3 deposited ork-MoS,. The growth is domi-
nated by substrate-molecules interactions, and this leads to nuatéon of needle-like crystal
structures, that grow as isolated islands (Volmer-Weber type gndah) with the molecules

oriented face-on on the substrate. The surface morphology indte that the bers nucleate
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immediately upon the substrate without forming an initial wetting laye, and that the needle
density is proportional to the amount of material deposited on theubstrate. Considering
that the needle height does not appear to exceed 60 nm as the dgnsicreases, we sus-
pect that the growth is thermodynamically limited, and that the obseved needle shape is
the energetically favored under these conditions. The change intiae parameters indicate
a slow expansion of the molecular molecular long axis (situated alongett{100)-direction
of the crystal) followed by a slow compression, combined with comgston of the (h11)-
direction of the crystal followed by an expansion. Interestingly,ite turnover point in the
GIXRD data might correspond to the nominal Im thickness at which the needles start to
coalesce. Needle growth is commonly observed for organic semicaihals on strongly inter-
acting templated substrates [23, 62, 63], and has previously beesmtbnstrated for NaT3 on
muscovite mica [36]. Furthermore, DIP molecules deposited onto sintile-MoS, substrates
have been shown to form needle-like crystals, where the averageedie height appear to
increase with increasing nominal Im thickness [37].

Figure 9c illustrates the growth of NaT3 on?-MoS,, where the molecules are stand-
ing edge-on on the surface. Edge-on orientation of the moleculesints towards weaker
substrate-molecules interactions than fok-MoS,, presumably because th@ -MoS, exhibit
chemically active dangling bonds that are readily oxidized [45], leading &m oxidized surface,
which is expected to interact weaker with the deposited moleculesh@& surface morphology
reveal Volmer-Weber type growth, with tall isolated islands. A low naleation density of
the islands suggests a high nucleation barrier on tHe-MoS, substrate, and the lack of in-
plane correlation agrees well with the GIXRD data. Furthermore,lie surface morphology
indicates that the average island size remains relatively constant \itincreasing nominal
thickness, and we therefore assume a linear increase in islands dgngth increasing nom-
inal thickness based on the integrated scattering intensity. Theesults are surprising, since
the aforementioned DIP molecules grow in accordance to the SKewith mode on a similar

substrate [37].

IV. CONCLUSIONS

We have investigated the molecular structure and growth of vacuu deposited NaT2

and NaT3 on silicon dioxide and vertically and horizontally aligned few-l&r MoS,, using

21



real-time in situ GIXRD complemented by AFM and UV/Vis absorption spectroscopy. On
device-relevant silicon dioxide, we found that the NaT2 unit cell undgoes collective in-plane
changes within the rst 3 molecular layers, indicating that surfaceéaduced strain is relieved
beyond this point. This was accompanied by a signi cant compressiarf the out-of-plane
a-axis (molecular long axis), which continued, albeit at a slower rate,ntil the nal Im
thickness (22 nm) was reached. On the other hand, the NaT3 Im osilicon dioxide was
found to undergo changes in the in-plane and out-of-plane latticemmeters throughout all
of the deposition (0-15 nm). The changes in the in-plane unit cell dimsions are greater
compared to NaT2, and indicating a grater surface-induced stracompared to NaT2, which
is not fully relieved after 6 ML. Both Ims were found to follow Stransk-Krastanov type
growth, where 2D layer-by-layer growth is followed by 3D islands gnth. Neither molecule
exhibited perfect layer growth of the rst, substrate-wetting ML. In the case of NaT3, the

growth was fully transitioned to 3D islands growth after no more tha 3 MLs.

By employing vertically and horizontally aligned few-layer Mo$ substrates, the orien-
tation of the molecules could be controlled during the growth. Ok-MoS,, both NaT2
and NaT3 molecules adopted face-on orientation, while NaT3 adoptedge-on orientation
on ?-MoS,. In both cases, the NaT3 unit cell underwent changes in its (100nd (h11)
d-spacings during the deposition, with the largest changes obsedvduring the initial stages
of the Im formation. Direct images of the surface morphology revaed that the NaT2
and NaT3 molecules both formed needle-like crystals &MoS,, while the NaT3 molecules
formed isolated islands consisting of tall pillars of? -MoS,. Furthermore, the UV-Vis ab-
sorption (monitored along the surface normal) was signi cantly in@ased in the NaT3 Im

on k-MoS, as a result of the molecules adopting face-on orientation.

These results, in addition to highlighting the capabilities of in situ GIXROQ manifest the
importance of Im-substrate interactions on the growth and streture formation in vacuum
deposited organic thin Ims. This is important in both organic transisbrs, where the charge
transport typically takes place in plane within the rst few MLs, and where the transport
may be limited by grain boundaries, as well as in OLED/OPV applications ith out-of-
plane charge transport. It would be desirable to investigate the elnge transport in situ to
enable direct comparison with the here reported variations in unit igpacking and intergrain

connectivity.
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FIG. S1. Reciprocal space map of NaT2 Im deposited on k-MoS,. The two (100) Bragg re ections
(indicated by white arrows) are indicative of two crystalline phases: one where the NaT2 molecules
are oriented edge-on and one where they are oriented face-on. We speculate that the MoS, surface
coverage is incomplete on the employed substrate, resulting in the growth of the edge-on structure

in areas where the underlying Al,O; is exposed.
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FIG. S2. Height distributions of AFM data from NaT3 Ims on silicon dioxide with nominal
thicknesses of (a) 2.0 nm, (b) 4.8 nm, and (c) 14.9 nm. The arrows indicate the distribution peaks
of the SiO, substrate, 1st, and 2nd ML, respectively
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FIG. S3. AFM images of NaT2 Im on silicon dioxide at (a) 2.0 nm ( 1.0 ML) and (b) 5.0
nm (2.4 MLs) nominal Im thickness. (c-d) Corresponding height distributions of AFM data.
The image at 1.0 ML shows a nearly completed rst monolayer with the second layer starting to
nucleate. At 2.4 MLs, the rst monolayer is completed, the second monolayer is nearly completed
and the third layer has begun to nucleate. The distribution peaks of the SiO, substrate, 1st, 2nd,

and 3rd ML are all clearly identi ed and marked with arrows.

S4



FIG. S4. AFM image of NaT2 Im on k-MoS, with nominal Im thickness of 20 nm. The molecules

adopt ber-like morphology on the k-MoS, substrate.

FIG. S5. UV-Vis absorption spectra of NaT3 Ims as measured.
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Paper IV

Submitted to Avd. Eng. Mater. on January 22, 2021.

Paper 1V is a feature article written for a special issue of Advanced Engineering Materials
on the use of synchrotron applications in the feld of materials science. It concerns the use
of microfocused GIWAXS (UGIWAXS) to probe the lateral variations in the microstruc-
ture of OFETs. The frst reported use of this technique was in 2012 by Amassian and co-
workers [234], in which they map lateral variations in the microstructure across a OFET
channel in diF-TES-ADT fIm (c.f. Fig. 2.1). In the paper, we review two pioneering uses
of uGIWAXS (including Ref. [234]), and present our own results from using pGIWAXS to
map the microstructure of NaT3 in an OFET across an array of interdigitated electrodes.
The results are then discussed in view of mobility contact limiting proximity efects, in-
cluding grain boundaries and paracrystalline disorder. Finally, we give our perspective on
how the uGIWAXS technique can beneft the feld of organic electronics, in a world where
contemporary X-ray optics allows for well collimated beams at virtually every synchrotron
source.
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Organic semiconductors have seen widespread application in thin- Im devices, such as organic

eld-e ect transistors (OFETS), whose performance is closely linked to the molecular level mi-
crostructure and crystalline orientation. In actual OFETS, the microstructure can vary signi cantly
based on the local environment, for example in the proximity of contact electrodes. Here we high-
light recent examples where microfocused grazing incidence wide-angle X-ray scattering ( GIWAXS)
maps structural information in between the OFET electrodes. Moreover, we employ GIWAXS to
study the microstructure of naphthyl end-capped oligothiophenes across interdigitated electrode ar-
rays in a bottom-contact OFET and identify lateral proximity e ects of the contact electrodes in
terms of crystalline misorientation, crystallite size and disorder. Our results, as well as those high-
lighted, classify essential structural parameters on and in between the electrodes; and demonstrate
capabilities of microfocused X-rays to map microstructure in actual devices. The ideas presented
in this article bring us towards guidelines for understanding electrode proximity and device perfor-
mance in molecular semiconductors. We also believe that they are readily expanded from OFETS

to other devices and from small molecules to polymers and other materials.

I. INTRODUCTION

A great deal of interest has been placed on studies
of (opto-)electronic devices made from organic semicon-
ductors (OSCs), including organic eld-e ect transis-
tors (OFETS), organic LEDs (OLEDs), organic photo-
voltaics and diverse photosensors among other [1{4]. The
prospects of these materials are many: low manufactur-
ing costs and large scale processing, mechanical exibility
for use in exible devices, and facile chemical modi ca-
tions to tailor their optical and electronic properties.

Device performance is closely linked to the morphology
and microstructure of the OSCs, and much attention has
been devoted to study this correlation. Important struc-
tural features include crystallinity, molecular orientation
[5], crystal grain size [6], grain boundaries [7], and poly-
morphism and surface-induced phases [8]. The primary
focus in the open literature lies on reporting microstruc-
ture of devices as a whole. Yet, single measurements over
entire devices may not be su cient to account for local
structural inhomogeneities.

The thin- Im structure in OSCs is controlled by two
competing forces: surface-molecule interactions and in-
termolecular interactions, including weak van der Waals
forces. The former is a ected by the local surface chem-
istry, and variations in e.g. the surface energy can lead to
disparities in microstructure [5, 9]. Such microstructural
variations are commonly studied across the substrate-
OSC interface, and across interfaces within multilayer
devices (i.e. along the surface normal), but less attention
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is placed on lateral proximity e ects, for example those
arising from patterned electrodes in bottom-contact de-
vices. In OFETSs, these contact proximity e ects be-
come increasingly important when the channel dimen-
sions are minimized, since the channel resistance gen-
erally decreases with channel length, while the contact
resistance remains una ected [10].

Grazing incidence wide-angle scattering (GIWAXS), or
sometimes grazing-incidence X-ray di raction (GIXRD),
is an increasingly popular surface sensitive technique for
probing the microstructure of thin Ims. For a full dis-
cussion of GIWAXS applications in organic thin- Ims,
we direct the reader to the large body of literature in the
subject [11{13]. In the typical grazing-incidence geom-
etry, the incoming X-ray beam is directed towards the
sample surface at a shallow angle, that is carefully con-
trolled by the sample tilt. The small incidence angle
(typically below 1 ) causes most of the X-rays to be re-

ected of the sample surface or of the substrate surface,
depending on the critical angle of the given material. As-
suming that the substrate is heavier than the OSC Im,
its critical angle for X-rays is also larger. If the incidence
angle is kept below the critical angle of the substrate
and slightly above the critical angle of the material, the
microstructure of the entire Im can be characterized in
one measurement, or alternatively, the structure can be
pro led as a function of sample depth by varying the
incidence angle [14]. Because most OSC thin- Ims are
macroscopically isotropic within the plane (sometimes
called as ber-textured), a single scattering pattern can
give information on the in-plane structure (along the Qxy
momentum transfer axis) and the out-of-plane structure
(Q2) simultaneously.

By combining GIWAXS with recent advances in mi-



crofocused X-ray beams [15{17], it is possible to map
or pro le local inhomogeneities OSC Ims on device rel-
evant length scales [18]. With this article, we present
the reader with an overview of how microfocused GlI-
WAXS ( GIWAXS) is employed to study local mi-
crostructure within metal electrodes in actual OFET de-
vices. First, we review two cases highlighting the ability
of the GIWAXS technique to map single OSC chan-
nels between two parallel electrodes, and to map the
OSC on top of the contact electrodes themselves. We
subsequently move on to another application, where we
use GIWAXS to map local microstructure in an OFET
across an array of interdigitated electrodes. The em-
ployed bottom-contact OFET is fabricated by vacuum-
depositing a prototypical rigid OSC, 5;5%-bis(naphth-2-
y)-2; 20 : 5%, 5%-terthiophene (NaT3) atop a Si/SiO, sub-
strate with patterned Au electrodes. Our ndings show
that the crystalline misorientation, crystal size and lat-
tice disorder depend on the Im location in the chan-
nel or atop the contact electrodes, and can be discussed
in view of mobility limiting proximity e ects, including
grain boundaries and disorder. Finally, we give our per-
spective on how the technique can bene t the eld of
organic electronics, polymer science and beyond.

Il. HIGHLIGHTED APPLICATIONS OF
GIWAXS

We rst highlight two pioneering articles where
GIWAXS has been used to probe the di erence in mi-
crostructure between electrode and channel in OFETS.
In the rst study, Li et al. [18] used GIWAXS to map
the local microstructure of organic OSC Ims in bottom-
contact OFETSs. Speci cally, they fabricated Ims of u-
orinated 5,11-bis(triethylsilylethynyl) anthradithiophene
(diF-TES-ADT) by spin casting a 2% wt. molecule-
chlorobenzene solution on top of Si/SiO, substrates with
patterned Au electrodes. Prior to spin casting, the bot-
tom Au contacts were treated with penta uorobenzene
thiol (PFBT). The authors chose two di erent sets of spin
casting parameters in order to obtain Ims with either
larger (type 1) or smaller (type 2) grain extensions from
the Au contacts. Devices with varying channel length
were then investigated by GIWAXS, with the employed
X-ray beam focused to 10 m in the transverse direction,
enabling device mapping with similar spatial resolution.
Figure 1 shows the mapped microstructure across de-
vices of sample type 2 (a and b) and sample type 1 (c
and d) with channel lengths of 80 m (a and ¢) and 20
m (b and d), respectively. For each device, the struc-
tural parameters are shown along with a schematic map
and a polarized optical micrograph of the device. The
GIWAXS patterns (Fig. 1 in Ref.[18]) revealed two dis-
tinct diF-TES-ADT Im textures: h001i texture with the
molecules oriented edge-on on the substrate and h111li
texture with the molecules oriented face-on with respect
to the substrate. The integrated scattering intensities

of these phases are plotted together with the integrated
intensities of the Au contacts, allowing for easy identi ca-
tion of channel and contact areas. The mapping reveals
that the h111i texture only appears in the channel of the
type 2 device with a channel length of 80 m. In both
type 1 devices, and in the type 2 device with shorter chan-
nel length, the edge-on h001i phase is able to bridge the
channel gap. In addition to mapping the phase compo-
sition, the the authors also use the GIWAXS results to
obtain information about local misorientation and grain
size. Figure 1 shows, moreover, that while the out-of-
plane grain size and misorientation of the h001i textured
crystallites remains unchanged across the smaller chan-
nels, there is a signi cant change towards the center of
the 80 m channel in both type 1 and 2 devices.

From the GIWAXS results presented in Fig. 1, the
authors are able to elucidate the drop-o in mobility ob-
tained in type 2 devices when the channel length exceeds
50 m (mobility data shown in Fig. 3 of Ref.[18]), which
can attributed to the onset of formation of h11li tex-
tured crystallites. These ndings are not necessarily pos-
sible with direct imaging methods, which are not speci ¢
probes for crystals. For example, the polarized optical
micrograph in Fig. 1b would suggest that the crystallites
formed at the Au contact might not bridge the channel.
However, the GIWAXS results nd the structure to be
uniform throughout the length of the channel.

In another study, Lamport et al.[19] likewise employed

GIWAXS to study the local microstructure of diF-TES-
ADT on Au contacts treated with PFBT. They prepared
devices by varying the deposition rate for the bottom Au
contacts between 0.5 A/s and 3 A/s. The GIWAXS re-
sults revealed no discernible di erences in the microstruc-
ture of the Im deposited on top of the electrodes in the
two cases. These ndings demonstrate that the reported
increase in mobility obtained from using a slower contact
deposition rate does not stem from a change in the thin-

Im microstructure. Rather, it is an e ect intrinsic to
the structure of the electrode.

I1l. RESULTS

Here we present the results of GIWAXS employed to
map an NaT3 OFET across multiple electrodes. Figure 2
shows the experimental setup together with examples of
individual GIWAXS measurements. Figure 2a and b
show the chemical structure of NaT3 and its preferential
orientation atop OFET surfaces. The molecules adopt
edge-on orientation, where the b,c-plane is aligned paral-
lel to the substrate and the molecular long-axis is pointed
out-of-plane at a small angle. Individual crystallites are
randomly oriented in-plane, resulting in a mosaic struc-
ture of the Im ( ber-texture). This texture is easily
identi ed by the lack of change in the scattering pattern
when rotating the sample about its surface normal. In
addition to the random in-plane orientation, the crystal-
lites also exhibit a degree of misorientation with respect



FIG. 1. Microstructural mapping of solution-casted diF-TES-ADT devices of (a,b) type 2 and (c,d) type 1 with channel lengths
of (a,c) 80 m and (b,d) 20 m, respectively. Each panel shows a schematic map of the device, a polarized optical micrograph
of the Im, the integrated intensity map of the di raction peaks associated to Au, h001li and h11li diF-TES-ADT textures, and
the out-of-plane lamellar crystal size and angular FWHM obtained from the 001 Bragg re ection of h00li-textured crystals.

Reproduced with permission.[Re" X811 Copyright 2012, Wiley-VCH Verlag GmbH & Co.



FIG. 2. (a) Chemical structure of NaT3. (b) Illlustration of the packing structure in the NaT3 thin- Im. The cone represents
the orientation distribution of the ber-textured crystallites. (c) Schematic of the GIWAXS geometry and the bottom-contact
OFET. (d) Schematic side-view of the same device. (e)-(f) GIWAXS patterns at two key locations (channel and electrode) of
the device. The inserts show optical micrographs of the corresponding beam positions. Dashed line in (e) indicates scattering
from planes with same k and | Miller indices. The circled area in (f) indicates the scattering from the Au electrode.

the surface normal. This orientation distribution can be
visualized by the distribution cone of the a*-axis shown
in Fig. 2b. Figures 2c and d illustrate the GIWAXS
setup and the OFET con guration. The small trans-
verse footprint of the beam allows us to probe areas of

the OFET with a resolution of 30 m, while the extended
longitudinal footprint due to the (very shallow) grazing
angle ensures that the thin Im volume is statistically sig-
ni cant. By carefully aligning the X-ray beam parallel to
the interdigitated electrodes, we are able to obtain spa-



tial information from the OFET device where the channel
and electrode areas can by identi ed and treated sepa-
rately. Our bottom-contact OFET design has 30 m wide
interdigitated electrodes with 470 m channel length (dis-
tance between source and drain electrode), allowing us
to resolve individual electrodes with the employed mi-
crobeam. Figures 2e and f show typical GIWAXS pat-
terns corresponding to channel and electrode areas of the
OFET device, respectively The inserts show optical mi-
crographs of the OFET device with a crosshair to indi-
cate the approximate position of the X-ray microbeam.
From the GIWAXS images, it is apparent that the over-
all thin Im texture is the same in both areas, with the
molecules adopting the previously described edge-on ori-
entation. On the electrode, two faint di raction rings
are visible arising from the Au 111 and 200 di raction
rings. These di raction signals can be used as markers
to indicate the position of the microbeam in the data.
The scattering pattern can be indexed with a monoclinic
unit cell as shown by lines corresponding to crystal planes
with same k and | Miller indices in Fig. 2e.

Figure 3 shows the microstructure of an OFET with
a 30 nm NaT3 thin- Im. For this device, the integrated
intensity of the Au 111 re ections and the NaT3 100
re ection is plotted together with the angular full-width
half-maximum (FWHM) of the NaT3 100 re ection and
the in-plane crystal grain-size. The intensity of the Au
111 re ection allows us to distinguish the data from the
electrode area from that of the channel area. We point
out that the measurement step size being smaller than
the actual footprint of the X-ray beam (10 mvs 31 m)
leads to the edges of the electrodes appearing blurred in
the Au (111) intensity map.

Placing our attention on the NaT3 100 re ection inten-
sity, we nd that it decreases in an approximately linear
fashion as the beam is scanned across the device. This
is a consequence of the employed electrode layout, where
the electrodes are oriented at a 45 angle with respect to
the substrate edge (see Fig. 2c). Therefore, as the beam
moves towards the corner of the interdigitated electrodes,
the e ective width of the illuminated Im decreases, de-
creasing the scattering volume. At the same time, we
observe an even further decrease in the NaT3 100 re-

ection intensity on top of the electrodes. This trend is
mirrored in the intensity of the h11 Bragg re ection (not
shown). Similarly, the NaT3 crystallites exhibit a signi -
cant broadening of the angular 100 FWHM on top of the
electrodes, indicating an increase out-of-plane misorien-
tation of the crystallites. The increased misorientation
of the crystallites atop the electrodes as compared to in
the channel is also evident by the increased broadening
of the tail in higher order h00 re ection (Figs. 2e and f.

Finally, we map the in-plane crystalline grain size by
applying the Scherrer equation to the gxy peak pro le of
the h02 re ection. To account for the change in e ective
sample width, the geometric smearing of the Bragg peak
was modeled and subtracted before the grain size analy-
sis. Nevertheless, the grain size obtained in this manner

FIG. 3. Selected structural parameters plotted against the
horizontal position in the studied OFET. From top to bottom:
integrated Au 111 re ection intensity, integrated NaT3 100 re-

ection intensity, angular FWHM of the NaT3 100 re ection
and in-plane grain size obtained by applying the Scherrer for-
mula to the gxy FWHM of the NaT2 h02 re ection. The data
set spans over 5 channels and 4 electrodes.

can be thought of only as a lower limit of the true grain
size. We nd that the in-plane grain size is slightly lower
on top of the electrodes compared to in the channel. All
these ndings together point toward an overall improved
microstructure in the channel, possibly due to lower sur-
face roughness in the channel or a better lattice match
between the NaT3 and the channel oxide.

Further analysis of the NaT3 crystallites in the out-of-
plane direction is possible owing to the multiple orders
of re ections visible in the scattering pattern. Figure 4
shows the out-of-plane FWHM of the h00 re ections with
h = 2-4 after desmearing of the geometric broadening
due to the e ective sample width. Irrespective of the
measurement point, it is apparent that the FWHM in-
creases with di raction order. The sample-related peak
broadening includes broadening from the nite crystal-
lite size and strain broadening related to crystal imper-
fection. These two broadening contributions are decon-
voluted by applying Williamson-Hall (W-H) analysis to



FIG. 4. Pro les of the out-of-plane FWHM of NaT3 h00
re ections for h = 2-4 (bottom to top) in the studied OFET.

the data. The W-H analysis plots the di raction peak
width (= cos =) as a function of the di raction
vector (d = 2sin = ). The intercept of the slope then
relates to nite size broadening while the magnitude of
the slope relates to the strain broadening [20, 21].

Figure 5 shows the W-H plots for the out of plane h00
re ections (h = 2-4) measured in the channel and on top
of the electrode. Each value is given as an average of all
points in the respective areas. The h = 1 di raction is
omitted from the W-H analysis, as it proved di cult to
isolate the out-of-plane peak pro le from the di use sur-
face scattering. The W-H plots show a non-zero slope,
indicating that the observed peak broadening is not only
due to the crystallites size, but also due to lattice im-
perfections and preferential microstrain in the Im. The
crystallite size broadening is similar in the two cases, cor-
responding to average out-of-plane crystallite sizes of 28.5
nm on top of the electrodes, and 30.5 nm in the channel.
Both values are in good agreement with the nominal Im
thickness of 30 nm. Furthermore, the Im in the channel
exhibits a steeper slope of the W-H plot, indicating an
increased Im strain in the channel as compared to the

Im on top of the electrode.

Figure 6a and b show atomic force microscopy (AFM)
micrographs of the the surface morphology of the NaT3
thin- Im at the edge of an electrode and elsewhere in

FIG. 5. William-Hall plots for NaT3 h00 re ections from the
channel and electrode areas. Each value is given as an average
over individual measurements. Solid lines are linear ts to the
data.

the channel itself. The Im in the channel (left-side
of Fig. 6a) lies lower than the Im on top of the elec-
trode by approximately 30 nm, corresponding to the
patterned thickness of Au. The morphology appears
qualitatively similar in both areas of the Im, with the
molecules forming three-dimensional (3D) islands with
staggered terraces. This type of surface morphology
is typical for thin- Ims growing according to 3D-type
growth (Volmer-Weber or Stranski-Krastanov) [22]. The
root mean square (RMS) of the surfaces (indicated in
Fig. 6a) indicates that the Im roughness in top of the
electrode is slightly higher than in the channel. However,
in a di erent area of the channel (Fig. 6b), the RMS is
even higher. The average RMS in the channel and on the
electrode are almost identical (3.0 nm vs 3.1 nm), indi-
cating that the di erences in microstructure observed by
1D GIWAXS pro les are not readily observed by con-
sidering the surface morphology alone.

Figure 6¢ shows the transfer curve of the working

OFET device. The slope of the Itl)zé vs Vg curve (not
shown) in the saturated regime yielded the eld-e ect
mobility of =2:4 10 5 cm?/Vs.

V. DISCUSSION

Our results, and the results presented by Li, Lam-
port [18, 19], and other authors, clearly demonstrate lo-
cal structural variations across OFET devices. While
NaT3 does not form di erent textures in the channels like
diF-TES-ADT, the microstructural heterogeneity on the



FIG. 6. AFM micrographs of (a) the electrode edge (b) chan-
nel. The height RMS is indicated for the respective areas in
the micrographs. Insert plots cross-sectional pro le is marked
by the red line in panel (a). (c) Transfer curve of studied
OFET acquired with Vp = -30 V. Scale bars are 0.5 m.

electrodes could still be a limiting factor in charge trans-
port. The pathways for charge transport in OSCs are
determined by the overlap of neighboring molecular or-
bitals, and their charge transport properties are typically
highly anisotropic [23]. At the same time, the charge
transport is often limited by grain-boundaries, that in-
troduces localized trap states in the material [24, 25].
This suggests that misorientation between neighboring
grains can detrimentally e ect charge transport, since
two crystalline domains meeting at a su ciently large
angle necessarily creates a series of edge dislocations at

the boundary. Indeed, it has been shown that increased
out-of-plane misorientation in solution-processed 6,13-
bis(triisopropylsilylethynyl)pentacene (TI1PS-PEN) leads
to lower eld-e ect mobilities in OFETSs [26]. Moreover,
it has been suggested that the e ect on transport prop-
erties of misorientation at the grain boundaries is less
signi cant in materials with herringbone-packing (such
as NaT3) than in slip-stacked materials [7], due to the
lower charge transport anisotropy of the herringbone mo-
tif (two-dimensional versus one-dimensional). Although
this might be the case, the higher degree of misorienta-
tion with respect to the surface normal found in the Im
on the electrodes in the NaT3 OFET (Fig. 3), as well as
in the channels in diF-TES-ADT OFETs (Fig. 2), could
still be a potentially limiting factor in the OFET charge
transport at the contact interface, due to increased grain-
boundary densities. The grain-boundary limiting e ect
on charge transport is indeed suggested by the mobility
results reported by Li et al [18], where the diF-TES-ADT
devices with large grains show the highest mobilities.

On the other hand, grain boundaries are not the only
limiting factor for charge transport [27]. All crystal ex-
hibit some degree of paracrystalline disorder, which in-
duces variations in the crystalline lattice and intermolec-
ular distances. As a result, the transfer integral between
neighboring molecules are perturbed, and the charge car-
ries are subjected to uctuations in the electronic land-
scape [28]. While the paracrystalline disorder is typically
low for small molecule OSCs [28], our results indicate
that the local disorder is di erent in areas of the channel
and electrodes. For polymers, the paracrystalline disor-
der is typically much higher [29], and therefore consti-
tutes a much more transport-limiting e ect in devices
made from these materials.

While grain-boundaries attributed to high-angle mis-
orientations are mostly visible in optical characteriza-
tion techniques or scanning probes (see the individual
grains in the AFM image in Fig. 6 or in optical micro-
graphs in Fig. 1), it is much more di cult to discern
low-angle grain boundaries with these techniques. Fea-
tures in the optical micrographs/scanning probe maps
that appear as single grains are often polycrystalline and
contain many low-angle grain boundaries [28]. This is
readily apparent when comparing the grain boundaries
observed for NaT3 by AFM with the crystallite size ob-
tained from the GIWAXS mapping, or by comparing the
grain sizes in the optical micrograph in Fig. 1 with the
corresponding GIWAXS grain size. This emphasizes the
fact that one cannot always rely on optical microscopy
or scanning probes when characterizing the morphology
of OSC devices. If the material under consideration con-
tains well-ordered crystals, whether within amorphous
domains or not, GIWAXS combined with methods such
as Williamson-Hall analysis, or more detailed analyses
such as the Warren-Averbach analysis [30, 31], provide
good insight into the crystalline "true" grain size of the

Im.



V. OUTLOOK

As contemporary X-ray optics now allows for well col-
limated beams at virtually every synchrotron source, we
expect surface maps or pro ling, allowing for electrode
proximity data and other data, to become a standard
for structural studies of organic electronics. Investigat-
ing the microstructure near the device contacts is espe-
cially important in devices where the performance is in
some way limited by contact resistance, which is the case
for many high performing OFETs [10]. The ideas pre-
sented here are not limited to the case of small molecule
OSCs, and they can readily be expanded to polymers
and organic-inorganic hybrid materials. Because of the
relative novelty of the GIWAXS technique, these elds
will bene t greatly from its widespread utilization, and
it should be used vis-a-vis probe microscopies including
AFM and Kelvin probe microscopy. For polymer-based
OSC devices the paracrystalline disorder is much higher
than in small molecule OSC devices, and we propose
to expand the quantitative analysis of local strain and
paracrystalline disorder to these materials. The same
is true for probing amorphous domains within crystals,
dominant for polymer materials. As demonstrated here,

GIWAXS would be an obvious choice for resolving these
aspects. Another key use for GIWAXS is the study of
working devices in operando, as very recently demon-
strated by Grodd et al. [32]. We also see obvious ben-
e ts from microfocused grazing-incidence small-angle X-
ray scattering (  GISAXS) for probing nanoparticles and
other larger structures incorporated within the electrodes
[33].

All in all, GIWAXS makes it possible to map di-
verse structural details, otherwise inaccessible by scan-
ning probes or optical microscopy, with high spatial res-
olution. The technique holds great promise for linking
structure and device performance, which is crucial in the
development of new organic electronics and beyond.

VI. EXPERIMENTAL SECTION

OFET fabrication and characterization: NaT3
molecules used in this study was synthesized following
the Suzuki cross-coupling protocols reported in Ref. [34].
The eld-e ect transistors used in this study were fab-
ricated using a highly n-doped Si substrate as the back
gate electrode with a 200 nm thick thermally grown SiO,
gate dielectric. A 1 cm? array of interdigitated source
and drain electrodes were structured by photolithogra-
phy and deposited by E-beam evaporation of Au (30
nm) atop Ti (3 nm). All substrate were ultrasonically
cleaned in acetone and isopropanol followed by rinse
with de-ionized water A 30 nm thick NaT3 Im was
deposited on top of the substrate by vacuum sublimation
(base pressure 2 10 8 mbar and deposition rate < 0:1
A/min).  The device was electrically characterized
using a custom-built characterization set-up based on a

LabVIEW-controlled data acquisition card connected to
voltage and current ampli ers, providing the input, and
a probe station measuring the output signal from the
OFET. The gate voltage (Vg) was swept with constant
drain-source voltage Vps = 30 V. The eld-e ect
mobility was extracted from the slope of the Iézsz vs Vg
curve via
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where C; = 17:3 nF cm 2 is the geometrical capacitance
of the dielectric, and W and L the width and length (dis-
tance between source and drain electrodes) of the chan-
nel, respectively. For the employed test device, the W/L
ratio was 134:39 m=0:47 m = 285:94
GIWAXS:  GIWAXS experiment were conducted
at the P03 Micro- and Nanofocus X-ray Scattering (Mi-
NaXS) beamline of PETRA 111, DESY. The X-ray beam
with an energy of 12.9 keV was focused to a spot size of 31
m 26 m (horizontal FWHM  vertical FWHM) at
the sample. The grazing incidence angle was optimized
against the scattering data, with the typical angle rang-
ing between 0.16 and 0.18 . The resulting footprint of
the beam spanned the full width of the device in the lon-
gitudinal direction and 31 m in the transverse direction.
GIWAXS images were recorded with a LAMBDA 10M
detector (Spectrum) with a pixel size of 55 m placed 159
mm downstream from the sample. The X-ray beam was
carefully aligned to be parallel with the OFET electrodes
by an alternating two-step process. First, the sample
was scanned along the transverse direction of the beam
to nd the position with the maximal signal from the
electrode. Then the sample was rotated about its sur-
face normal, again maximizing the electrode signal. This
process was then repeated until a satisfactory alignment
was achieved. To avoid radiation induced damage in the
thin- Im by the X-ray beam, the sample alignment was
performed on a separate electrode from the ones mea-
sured. The GIWAXS data were collected by scanning
the beam across multiple electrodes in steps of 10 m and
with 3 s exposure time per measurement.

The GIWAXS data were analyzed using DPDAK [35].
The integrated Im and electrode intensities were ex-
tracted from linecuts of the Au 111 and NaT3 100 re ec-
tions, respectively. To obtain information on the orienta-
tion distribution of the thin- Im crystallites, the angular
FWHM was extracted by tting a pseudo-Voigt function
to the angular 100 intensity pro le. Detailed analysis
of the grain-size was carried out using the h02 re ection
for the in-plane dimension, and the 200, 300 and 400 re-

ection for out-of-plane dimension. The peaks were rst

tted by Gaussian functions along gy, and q,, respec-
tively, and the extracted peak width was subsequently
corrected followed ideas presented in Ref. [36]. To ac-
count for the geometric broadening of the peak shapes
due the longitudinal beam footprint on the sample, the
e ective sample width was modeled as a linear function



of the transverse position of the beam on the sample.
The geometric smearing was then calculated from the ef-
fective sample width using the equation

4 2 wtan(2)
=— - — 2
Ugeo cos - oL ©)

where is the X-ray wavelength, 2 is the scattering
angle, w is the e ective sample width, and L is the dis-
tance from sample to detector. The ’true’ broadening
of the Bragg peak (i.e. corrected for the instrumental
contribution) was then obtained using the relation

Gt = ( Goxp  Ores)™ ©)
where  Qexp denotes the experimentally determined
broadening and gres the broadening due to the in-
strumental resolution. Contributions to the instrumen-
tal broadening from the divergence of the X-ray beam
and from the energy bandwidth are small and have thus
been neglected, i.e. Qres = Ugeo. The in-plane grain
size was then calculated according to the Scherrer equa-
tion, Dp = 2 K= @nhki, Where Dy is average grain
size, and K is the Scherrer constant, taken to be 0.9 in
our case. The out-of-plane broadening of the h00 re-

ections were analyzed using the Williamson-Hall (W-H)
method [20]. The sample-related broadening of the Bragg
peaks includes broadening due to nite crystal size and
broadening due to strain. The W-H method assumes

that the crystal size broadening and the strain broad-
ening have di erence dependence on the Bragg angle

namely size = K =Dcos (from the Scherrer formula)
and strain = 4 tan . By rearranging, we obtain the
expression

=K=D+2d 4)
where = cos = isthe peak broadening in reciprocal

space units and d = 2sin = is the di raction vector.
The W-H analysis plots  against d , and thus the size
broadening and the strain broadening can be obtained
from the intersect and the slope of the plot, respectively.

AFM:  AFM was performed using a Dimension 3100
instrument (Veeco) operated in tapping mode and the
images were analyzed using Gwyddion [37].

ACKNOWLEDGMENTS

This research was carried out at the light source PE-
TRA 11l at DESY, a member of the Helmholtz Asso-
ciation (HGF). We thank Pallavi Pandit and Stephan
Roth of DESY, and Jes Linnet of the University of South-
ern Denmark for experimental assistance. The research
leading to this result has been supported by the project
CALIPSOplus under the Grant Agreement 730872 from
the EU Framework Programme for Research and Inno-
vation HORIZON 2020. We thank the instrument center
DanScatt for travel support.

[1] H. Sirringhaus, 25th anniversary article: Organic eld-
e ect transistors: The path beyond amorphous silicon,
Adv. Mater. 26, 1319 (2014).

[2] S. R. Marder and J.-L. Bredas, The WSPC Reference on
Organic Electronics: Organic Semiconductors (WORLD
SCIENTIFIC, 2016).

[3] H. Klauk, ed., Organic Electronics Il (Wiley-VCH Verlag
GmbH & Co. KGaA, 2012).

[4] Y. Wang, L. Sun, C. Wang, F. Yang, X. Ren, X. Zhang,
H. Dong, and W. Hu, Organic crystalline materials in

exible electronics, Chem. Soc. Rev. 48, 1492 (2019).

[5] L. H. Jimison, A. Salleo, M. L. Chabinyc, D. P. Bern-
stein, and M. F. Toney, Correlating the microstruc-
ture of thin Ims of poly[5,5-bis(3-dodecyl-2-thienyl)-2,2-
bithiophene] with charge transport: E ect of dielectric
surface energy and thermal annealing, Phys. Rev. B 78,
125319 (2008).

[6] G. Horowitz and M. E. Hajlaoui, Mobility in polycrys-
talline oligothiophene eld-e ect transistors dependent
on grain size, Adv. Mater. 12, 1046 (2000).

[7] 3. Rivnay, L. H. Jimison, J. E. Northrup, M. F. Toney,
R. Noriega, S. Lu, T. J. Marks, A. Facchetti, and
A. Salleo, Large modulation of carrier transport by grain-
boundary molecular packing and microstructure in or-
ganic thin Ims, Nat. Mater. 8, 952 (2009).

[8] A. O. F. Jones, B. Chattopadhyay, Y. H. Geerts, and
R. Resel, Substrate-induced and thin- Im phases: Poly-

morphism of organic materials on surfaces, Adv. Funct.
Mater. 26, 2233 (2016).

[9] M. Fahlman, S. Fabiano, V. Gueskine, D. Simon,
M. Berggren, and X. Crispin, Interfaces in organic elec-
tronics, Nat. Rev. Mater. 4, 627 (2019).

[10] M. Waldrip, O. D. Jurchescu, D. J. Gundlach, and E. G.
Bittle, Contact resistance in organic eld-e ect transis-
tors: Conquering the barrier, Adv. Funct. Mater. 30,
1904576 (2019).

[11] A. Hexemer and P. Muller-Buschbaum, Advanced
grazing-incidence techniques for modern soft-matter ma-
terials analysis, IUCrJ 2, 106 (2015).

[12] L. J. Richter, D. M. DeLongchamp, and A. Amassian,
Morphology development in solution-processed func-
tional organic blend Ims: An in situ viewpoint, Chem.
Rev. 117, 6332 (2017).

[13] P. Muller-Buschbaum, The active layer morphology of or-
ganic solar cells probed with grazing incidence scattering
techniques, Adv. Mater. 26, 7692 (2014).

[14] E. Gann, M. Caironi, Y.-Y. Noh, Y.-H. Kim, and C. R.
McNeill, Di ractive x-ray waveguiding reveals orthogo-
nal crystalline strati cation in conjugated polymer thin

Ims, Macromolecules 51, 2979 (2018).

[15] C. Riekel, M. Burghammer, and R. Davies, Progress in
micro- and nano-di raction at the ESRF 1D13 beamline,
IOP Conf. Ser.: Mater. Sci. Eng. 14, 012013 (2010).



[16] A. Bu et, A. Rothkirch, R. Dohrmann, V. Korstgens,
M. M. A. Kashem, J. Perlich, G. Herzog,
M. Schwartzkopf, R. Gehrke, P. Muller-Buschbaum,
and S. V. Roth, P03, the microfocus and nanofocus
x-ray scattering (MiNaXS) beamline of the PETRA 111
storage ring: the microfocus endstation, J. Synchrotron
Radiat. 19, 647 (2012).

[17] G. Santoro, A. Bu et, R. Dohrmann, S. Yu,
V. Korstgens, P. Muller-Buschbaum, U. Gedde,
M. Hedengvist, and S. V. Roth, Use of intermediate fo-
cus for grazing incidence small and wide angle x-ray scat-
tering experiments at the beamline p03 of PETRA I,
DESY, Rev. Sci. Instrum. 85, 043901 (2014).

[18] R. Li, J. W. Ward, D.-M. Smilgies, M. M. Payne, J. E.
Anthony, O. D. Jurchescu, and A. Amassian, Direct
structural mapping of organic eld-e ect transistors re-
veals bottlenecks to carrier transport, Adv. Mater. 24,
5553 (2012).

[19] Z. A. Lamport, K. J. Barth, H. Lee, E. Gann, S. En-
gmann, H. Chen, M. Guthold, I. McCulloch, J. E. An-
thony, L. J. Richter, D. M. DeLongchamp, and O. D. Ju-
rchescu, A simple and robust approach to reducing con-
tact resistance in organic transistors, Nat. Commun. 9,
5130 (2018).

[20] G. Williamson and W. Hall, X-ray line broadening from

led aluminium and wolfram, Acta Metall. 1, 22 (1953).

[21] X. Jiao, M. Statz, L. Lai, S. Schott, C. Jellett, I. Mc-
Culloch, H. Sirringhaus, and C. R. McNeill, Resolving
di erent physical origins toward crystallite imperfection
in semiconducting polymers: Crystallite size vs paracrys-
tallinity, J. Phys. Chem. B 124, 10529 (2020).

[22] S. Kowarik, A. Gerlach, and F. Schreiber, Organic molec-
ular beam deposition: fundamentals, growth dynamics,
andin situstudies, J. Phys.: Condens. Matter 20, 184005
(2008).

[23] S. Fratini, M. Nikolka, A. Salleo, G. Schweicher, and
H. Sirringhaus, Charge transport in high-mobility con-
jugated polymers and molecular semiconductors, Nat.
Mater. 19, 491 (2020).

[24] A. B. Chwang and C. D. Frisbie, Temperature and
gate voltage dependent transport across a single organic
semiconductor grain boundary, J. Appl. Phys. 90, 1342
(2001).

[25] W. L. Kalb, S. Haas, C. Krellner, T. Mathis, and B. Bat-
logg, Trap density of states in small-molecule organic
semiconductors: A quantitative comparison of thin- Im
transistors with single crystals, Phys. Rev. B 81, 155315
(2010).

[26] K.-Y. Wu, C.-T. Hsieh, L.-H. Wang, C.-H. Hsu, S.-T.
Chang, S.-T. Lan, Y.-F. Huang, Y.-M. Chen, and C.-L.
Wang, In uences of out-of-plane lattice alignment on the
OFET performance of TIPS-PEN crystal arrays, Cryst.

10

Growth Des. 16, 6160 (2016).

[27] N. Ohashi, H. Tomii, R. Matsubara, M. Sakai, K. Kudo,
and M. Nakamura, Conductivity uctuation within a
crystalline domain and its origin in pentacene thin- Im
transistors, Appl. Phys. Lett. 91, 162105 (2007).

[28] A. Salleo, Impact of organic semiconductor microstruc-
ture on transport: Basic concepts, in The WSPC Ref-
erence on Organic Electronics: Organic Semiconductors,
edited by J.-L. Bredas and S. R. Marder (WORLD SCI-
ENTIFIC, 2016) Chap. 9, pp. 293{323.

[29] R. Noriega, J. Rivhay, K. Vandewal, F. P. V. Koch,
N. Stingelin, P. Smith, M. F. Toney, and A. Salleo, A
general relationship between disorder, aggregation and
charge transport in conjugated polymers, Nat. Mater. 12,
1038 (2013).

[30] T. J. Prosa, J. Moulton, A. J. Heeger, and M. J.
Winokur, Di raction line-shape analysis of poly(3-
dodecylthiophene): a study of layer disorder through the
liquid crystalline polymer transition, Macromolecules 32,
4000 (1999).

[31] J. Rivnay, R. Noriega, R. J. Kline, A. Salleo, and M. F.
Toney, Quantitative analysis of lattice disorder and crys-
tallite size in organic semiconductor thin Ims, Phys.
Rev. B 84, 045203 (2011).

[32] L. S. Grodd, E. Mikayelyan, T. Dane, U. Pietsch, and
S. Grigorian, Local scale structural changes of working
OFET devices, Nanoscale 12, 2434 (2020).

[33] M. K. Huss-Hansen, M. Hansteen, J. Linnet, A. R.
Walther, J. Kjelstrup-Hansen, and M. Knaapila, Struc-
tural basis for a naphthyl end-capped oligothiophene with
embedded metallic nanoparticles for organic eld-e ect
transistors, Appl. Phys. Lett. 113, 251903 (2018).

[34] F. Balzer, M. Schiek, A. Osadnik, I. Wallmann, J. Parisi,
H.-G. Rubahn, and A. Lutzen, Substrate steered crys-
tallization of naphthyl end-capped oligothiophenes into
nano bers: the in uence of methoxy-functionalization,
Phys. Chem. Chem. Phys. 16, 5747 (2014).

[35] G. Benecke, W. Wagermaier, C. Li, M. Schwartzkopf,
G. Flucke, R. Hoerth, I. Zizak, M. Burghammer, E. Met-
walli, P. Muller-Buschbaum, M. Trebbin, S. Forster,
O. Paris, S. V. Roth, and P. Fratzl, A customizable soft-
ware for fast reduction and analysis of large x-ray scat-
tering data sets: applications of the newDPDAKpack-
age to small-angle x-ray scattering and grazing-incidence
small-angle x-ray scattering, J. Appl. Crystallogr. 47,
1797 (2014).

[36] D.-M. Smilgies, Scherrer grain-size analysis adapted to
grazing-incidence scattering with area detectors, J. Appl.
Crystallogr. 42, 1030 (2009).

[37] D. Necas and P. Klapetek, Gwyddion: an open-source
software for SPM data analysis, Open Phys. 10, 181
(2012).



162



163

Paper V

To be submitted to Macromolecules.

The ffth and fnal paper of this thesis concerns the local structure of UHWMPE fbers.
An outstanding challenge for improving the mechanical performance in UHWMPE fbers
is the need for a comprehensive understanding of the microstructure and morphology on a
local scale, which is known to be inhomogeneous in the radial direction of the fber [2, 3].
At the same time, the lack of quantitative results on the local (inhomogeneous) structure
means that the interplay between processing conditions and fnal structure, and thus
mechanical properties, is not yet fully understood. To this end, we employ a combination
of X-ray based techniques and Polarized Raman Spectroscopy to investigate the structural
and morphological uniformity of aligned high-performance gel-spun UHMWPE fbers with
a spatial resolution of 1 m. The work is a collaborative efort between DTU, KU Leuven
and the dutch company Royal DSM. The Polarized Raman Spectroscopy measurements
and analysis was largely carried out by Erik Hedlund of KU Leuven.
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